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Abstract  
 
 
Nosema ceranae, a microsporidian, has been given much attention in recent 
years as it has been linked with Colony Collapse Disorder (CCD), which leads 
to the sudden deaths of honey bee colonies. It has been described that many 
pathogenic organisms secrete virulence factors in order to hijack its host`s 
cellular functions, but in most cases the underlying mechanisms of this process 
still remains to be deciphered. Cornman et al. (2009) have identified in N. ceranae 
a list of putative effector proteins (called secretome) destined to be secreted into 
the host, and I have taken this list for further investigation using a bioinformatical 
and experimental approaches.  
The principal aim of this project was to generate a N. ceranae ORFeome for 
genes predicted to be secreted, elucidate the function of effector candidates 
important for N. ceranae biology and/or pathogenicity, as well as to investigate 
any interactions between N. ceranae proteins and its host utilising two eukaryotic 
model organisms, budding yeast, S. cerevisiae, and fruit fly, D. melanogaster. 
A library of S. cerevisiae strains expressing N. ceranae proteins was generated 
utilising the Gateway® technology, and phenotypic and localisation screens were 
undertaken to investigate the N. ceranae secretome. Two N. ceranae ORFs, 
NcORF-15 (NcORF-02039) and NcORF-16 (NcORF-01159) encoding a putative 
thioredoxin and a hexokinase, respectively, were subjected to yeast 
complementation assays in order to assess their catalytic activity. NcORF-15, the 
putative thioredoxin, was able to rescue the sensitive phenotype of S. cerevisiae 
Δtrx2 under oxidative stress, whereas NcORF-16, the putative hexokinase, did 
not complement YSH7.4-3C, a triple knockout lacking hexokinase activity. A third 
N. ceranae effector candidate NcORF-4 (NcORF-00654), a putative proteasome 
subunit, was investigated for its nuclear localisation and protein interactions in 
both S. cerevisiae and D. melanogaster. 
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Foreword 
 
 
In recent years, it has been observed that the number of honey bee colonies 
around the world has rapidly declined. There has been a drastic depopulation of 
bee colonies due either to death or to the disappearance of bees. This 
phenomenon has been termed Colony Collapse Disorder (CCD) and many 
possible causes of CCD have been proposed, including an infection by an 
intracellular parasite, a microsporidian Nosema ceranae (Higes et al., 2006, 
2009, 2013). 
Chapter One will briefly introduce honey bees, their importance, and the variety 
of threats that they encounter such as the microsporidian N. ceranae. 
Subsequent sections will introduce the subject of microsporidia in more detail, the 
economic importance of microsporidiosis, the general biology of microsporidia, 
their life cycle and genome reduction, before focusing more specifically on 
N. ceranae, the causative agent of nosemosis in honey bees and thought to 
contribute to CCD. Thereafter, the genetic tools and the aims of this study will be 
described. Chapter Two presents general materials and methods utilised during 
the course of this study. Chapter Three describes bioinformatics analysis of 
N. ceranae secretome, the generation of the N. ceranae library based on the 
Gateway™ system and the phenotypic screening of the yeast mutants 
expressing N. ceranae proteins. Chapter Four focuses on two selected 
N. ceranae ORFs, NcORF-15 (NcORF- 02039) a putative thioredoxin and 
NcORF-16 (NcORF-01159), a putative hexokinase, which will be subjected to a 
number of yeast-based assays in attempt to elucidate their function. Chapter Five 
describes NcORF-4 (NcORF-00654), a putative proteasome subunit and its 
characterisation using two model organisms, Saccharomyces cerevisiae and 
Drosophila melanogaster. Finally, chapter Six presents the summary of the 
undertaken research, together with suggestions for further experimentation of 
N. ceranae secretome.  
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Chapter 1  
 
Introduction  
 “If the bee disappeared off the surface of the globe, then man would have only four years of life 
left. No more bees, no more pollination, no more plants, no more animals, no more man.”  
  Albert Einstein 
1.1. Honey bees from genus Apis  
Honey bees have been exploited by the human race for centuries, not only for 
their production of honey but also for other hive related products, such as wax, 
propolis, royal jelly or venom, which are used both for medical and domestic 
purposes (Cooper 2007; Erdem and Güngörmüş, 2014; Premratanachai and 
Chanchao, 2014; Wieckiewicz et al., 2013). Bees are also extremely important 
for the ecosystem they live in. They form part of the food chain for a variety of 
organisms and they contribute to maintaining genetic sustainability, as they aid 
sexual reproduction in many plants (Garratt et al., 2014; Klein et al., 2007). Honey 
bees, together with solitary and social bees, are important crop monocultures 
pollinators (Klein et al., 2007), hence their huge economic value (Garratt et al., 
2014; Morse and Calderon, 2000). Apis mellifera, the European honey bee and 
Apis cerana, the Asian honey bee, are the two most commonly maintained 
species of honey bees with 72.6 million honey bee colonies estimated in 2007 
(Klein et al., 2007; van Engelsdorp and Meixner, 2010). Both these species are 
cheap to maintain and convenient due to easy transport of their hives to different 
locations depending on the need (Morse and Calderon, 2000). However, recent 
data suggests that honey bee colonies have been declining in many countries 
around the world (Higes et al., 2006) and the mortality was as high as 70% in the 
winter 2006/2007 (van Engelsdorp et al., 2007). It has been estimated that 
without bees, bee-dependent plants could reduce their fruit yield by as much as 
90% and overall global food production would decrease by 35% if there were no 
commercially kept honey bees (Klein et al., 2007). As a result, intense research 
has been undertaken to identify the factors responsible for such drastic bee 
colony losses (Table 1-1). 
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Honey bees are exposed to a constant range of threats such as starvation, loss 
of the queen, bacteria, viruses, protozoa, parasitic mites, fungi including 
microsporidia (Evans and Schwarz, 2011) (Table 1-1) and natural predators, 
such as small hive beetle (FERA Report by Brown et al., 2013; OIE Terrestrial 
Manual, 2013), wax moth (DARG Report, 2010) or a parasitic phorid fly, 
Apocephalus borealis (Core et al., 2012). Adult bees are susceptible to infection 
mostly from mites and Nosema species, whereas bacteria and other fungi are a 
major threat to the honey bee pupae and larvae. Moreover, adult individuals 
generally act as vectors for other pathogens, such as viruses. Additionally, the 
genetic background of the bees and the queen`s biological state may also 
influence their response to any menace (Evans and Spivak, 2010). 
Furthermore, many aspects associated with human behaviour are often listed 
among those responsible for the bad state of bees, for example over-exploitation 
of the hives, changes to the bee`s natural habitats, the infrastructure or weather 
conditions due to climate change (vanEngelsdorp and Meixner, 2010). In 
addition, the high-frucose corn syrup commonly used to feed the bees causes the 
formation of ulcers in bees due to the hydroxymethylfurfural (MHF) in the feed 
(LeBlanc et al., 2009; Zirbes et al., 2013). Moreover, use of wide range of 
pesticides, such as neonicotinoids (reviewed in Blacquière and Smagghe, 2012; 
Hopwood et al., 2012; Johnson et al., 2010), which show synergistic effects on 
bees with other agrochemicals (Hopwood et al., 2012) or a microsporidian 
N.  ceranae (Alaux et al., 2010; Vidau et al., 2011), also have negative effects on 
bees.  
Bees have a great economic impact worldwide and are indispensable for the 
plant-derived food industry. Their role as pollinators is invaluable, but so is their 
use as a research subject, for example in investigating the vision, perception, 
learning processes (Giurfa, 2013; Srinivasan, 2010), the structure or the 
behaviour of a society (Bloch and Grozinger 2011; Toth and Robinson, 2007). 
However, constant exposure to biotic and abiotic stress has contributed to a 
dramatic loss in bee stocks in numerous countries, a phenomenon recently 
termed Colony Collapse Disorder (CCD), which is associated with a 
microsporidian infection (Cox-Foster et al., 2007). Microsporidia have been 
infecting honey bees since at least the early 20th century, when N. apis was 
described for the first time (Zander, 1909). Discovery of the second Nosema 
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species in bees, N. ceranae (Fries et al., 1996; Higes et al., 2006) was conjoined 
with CCD and is blamed to be behind the massive decrease in honey bee colony 
numbers, particularly in the Mediterranean countries (Higes et al., 2013). 
 
Table 1-1. Possible causes of honey bee infections. 
Threat Species/family 
Example of disease 
caused 
Reference 
Bacteria 
Paenibacillus larvae  
 
 
Melissococcus 
plutonius 
 
Spiroplasma apis, 
S. melliferum 
American foulbrood 
(AFB) 
 
European foulbrood 
(EFB) 
 
“May disease”  
(or spiroplasmosis) 
 
Bailey, 1956; de Graaf et 
al., 2006; Forsgren, 2010; 
Genersch, 2010 
 
 
Mouches et al., 1983 
Clark et al., 1985 
Viruses 
Dicistroviridae and 
Iflaviridae  
 
Nodaviridae  
 
 
 
chronic bee paralysis 
virus CBPV and LSV 
Genersch and Aubert, 
2010; Runckel et al., 2011 
 
Runckel et al., 2011 
Fungi 
Ascosphaera apis  
A. proliperda 
A. callicarpa  
 
N.  ceranae 
N. apis 
 
Mycosis 
(chalkbrood, 
stonebrood) 
 
Nosemosis 
(microsporidiosis) 
Aronstein and Murray, 
2010; Wynns et al., 2013  
 
 
Fries et al., 1996; Higes et 
al., 2006; Zander 1909 
Protozoa 
Trypanosomes   
 
 
Gregarines  
Amoeba  
Crithidia mellificae 
 
 
Apicystis bombi 
Malphighamoeba 
mellificae 
Langridge and McGhee, 
1967; Runckel et al., 2011 
 
Stejskal, 1965 
Prell, 1926 
Mites 
Ectoparasitic 
 
 
Endoparasitic 
Varroa destructor 
 
 
V. jacobsoni 
 
 
Acarapis woodi  
Rosenkranz et al., 2010 
 
 
Anderson and Trueman, 
2000 
 
Fries and Morse, 1992 
 
Honey bees encounter a number of threats including bacteria, viruses, fungi, 
protozoa or mites. Such burden of infections has contributed to recent losses of 
honey bee colonies worldwide, described as Colony Collapse Disorder (CCD). 
Nosema ceranae is a microsporidian, closely related to fungi, which has been 
implicated in CCD causing nosemosis in bees (underlined). 
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1.2. Microsporidia – Overview 
Microsporidia (phylum Microspora) have been given much attention since the 19th 
century, when N. bombycis, infecting silk warm Bombyx mori, almost destroyed 
the entire European silk industry (Bhat et al., 2009). The disease is often 
described as “pebrine” disease (from French “pepper disease”) or 
“Fleckenkrankheit” (from German “spot disease”) due to its appearance 
(Franzen, 2008). N. bombycis was first reported by Carl Wilhelm von Nägeli in 
1857 (Nägeli, 1857) and this event began the era of microsporidiology. Now, 
almost 160 years later, a total of 187 microsporidian genera consisting of more 
than 1000 species have been described (Akiyoshi et al., 2009; Mathis et al., 2005; 
Stentiford et al., 2013). Microsporidia are obligate intracellular parasites closely 
related to fungi (Capella-Gutiérrez et al., 2012; Hirt et al., 1999; Keeling and 
McFadden, 1998; Lee et al., 2008) which infect a range of hosts, from 
saccamoebae (Michel et al., 2009), nematodes (Ardila-Garcia and Fast, 2012; 
Troemel et al., 2008), to economically important animals, such as fish, crabs (Lom 
and Dyková, 2005; Lom and Nilsen, 2003; Stentiford et al., 2013; Morado, 2011) 
and insects (Becnel and Andreadis, 1999) (Table 1-2). They are also 
opportunistic pathogens of humans generally infecting immunocompromised 
individuals (Bryan and Schwartz, 1999; Franzen and Müller, 2001; Weber et al., 
1994) (Table VII-1 in Appendix VII). Due to their high pathological occurrence, 
with zoonotic and waterborne potential (Mathis et al., 2005), microsporidia have 
been classified  as Category B biodefense organisms and a risk of waterborne 
contaminant  (Akiyoshi et al., 2009; Didier and Weiss, 2006). However, some 
species of microsporidia, such as N. (Paranosema) locustae (Lange, 2005) or 
Vairimorpha necatrix (Down et al., 2004), are used as a biocontrol agent to 
manage pest dispersal.  
 
1.2.1.  Microsporidia of medical implications and economic importance 
Microsporidia are causative agents of microsporidiosis, which can affect a range 
of hosts from protozoa, through invertebrates to vertebrates (Franzen and Müller, 
2001; Keeling and Fast, 2002; Weber et al., 1994; Weiss, 2001) and since 
Nägeli`s first publication in 1857 on silkworm disease, more species infecting 
economically important animals (Table 1-2) and humans (Table VII-1 in Appendix 
VII) have been reported. Infections in aquatic systems often affect important 
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fisheries, which are characterised by creation of e.g. xenomas, cyst like structures 
(Lom and Dyková, 2005; Lom and Nilsen, 2003) that lead to big economic losses 
(Stentiford et al., 2013). 
 
Table 1-2. Microsporidia infecting economically important animals. 
Species Host Main Infection Site Reference 
Ameson michaelis Crabs Skeletal muscles Findley et al., 1981 
Enterospora 
canceri 
Crab Hepatopancreatocytes  Stentiford et al., 2007 
Glugea stephani Winter flounder Digestive tract Khan, 2004 
Loma salmonae Salmon, trout 
Gill disease, blood 
vessels 
Kent and Speare, 2005; 
Shaw et al., 1998  
Nadelspora 
canceri 
Crab Skeletal muscles Childers et al., 1996 
N. apis Bees 
Epithelial cells of the 
ventriculus  
Zander, 1909 
N. bombi Bumble bees 
Malpighian tubules, 
ventriculus (midgut), fat 
and nerve tissues, brain 
van der Steen, 2008 
N. bombycis Silkworm 
Intestines, silk glands, 
muscles, Malpighian 
tubules 
Nägeli, 1875 
N. ceranae 
Honey bee, 
Bumble bee 
Epithelial cells of the 
ventriculus and midgut  
Fries et al., 1996; Gisder 
et al., 2010; Higes et al., 
2006; Plischuk et al., 
2009 
Paranucleospora 
theridon 
Salmon, trout Skeletal muscles Nylund et al., 2010 
 
Microspordia infect a range of economically important animals, such as crabs, 
fish and bees. Majority of microsporidia shows tissue tropism, for example N. apis 
predominantly infects epithelium cell of the midgut, whereas other species are 
not tissue specific and infect a variety of organs, e.g. N. bombi and N. bombycis. 
N. ceranae (underlined) is an important pathogen of bees, associated with CCD. 
 
The first case of human microsporidiosis dates back to 1959 (Matsubayashi et 
al., 1959) and since then new members of microsporidia infecting humans have 
been reported mainly in patients with AIDS and individuals taking 
immunosuppressive drugs due to, for example, organ transplant (Akiyoshi et al., 
2009; Bryan and Schwartz, 1999; Desportes et al., 1985; Sax et al., 1995; Weber 
et al., 1994). However, there have been cases of microsporidian infections in 
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immunocompetent patients (Akiyoshi et al., 2009; Bryan et al., 1997). Out of more 
than 1000 microsporidian species described to date (Sprague and Becknel, 
1999), at least 14 species have been associated with human diseases (Table 
VII- 1 in Appendix VII) (Didier, 2005; Franzen and Müller, 2001) belonging to 
genera: Brachiola, Encephalitozoon, Enterocytozoon, Nosema, Pleistophora, 
Trachipleistophora, Vittaforma and the group of unclassified Microsporidium 
(Franzen and Müller, 2001).  
Infection often occurs by ingestion of dormant spores e.g. through contaminated 
water sources or food (Mathis et al., 2005; Weiss, 2001), but vertical and 
horizontal infections have also been described (Dunn and Smith, 2001). 
Moreover, microsporidia infecting humans are sometimes associated with animal 
reservoirs (e.g. rodents, cats and dogs), hence their zoonotic potential (Mathis et 
al., 2005) (Appendix VIII). Additionally, social animals, such as honey bees, may 
be dispersing spores via trophallaxis or body grooming (Becnel and Andreadis, 
1999).  
In humans microsporidiosis is difficult to recognise by external symptoms and 
diagnosis often involves use of transmission electron microscopy, light 
microscopy, staining-based methods (such as chromotrope-based stain and 
fluorescent staining methods), antigen-based methods (use of polyclonal and 
monoclonal antibodies), serological assays (such as CIA, IFA, ELISA, CIE, 
western blot) or molecular methods (PCR, in situ hybridization) (Franzen and 
Müller, 2001). The most frequently used drugs to treat microsporidiosis, are 
benzimidazoles, such as albendazole, and fumagillin (Conteas et al., 2000; Costa 
and Weiss, 2000). Albendazole inhibits polymerisation of tubulin and is effective 
against E. intestinalis, but is not efficient against E. bieneusi infections (Conteas 
et al., 2000). Fumagillin (dicyclohexylammonium fumagillin) is derived from 
Aspergillus fumigatus and it inhibits methionine aminopeptidase type 2 (MetAP2), 
which is essential for microsporidia; however fumagillin also binds to human 
MetAP2  (Zhang et al., 2005; Liu et al., 1998), thus causes toxicity and a number 
of clinical side effects, such as diarrhoea or thrombocytopaenia (Molina et al., 
2002). Nevertheless, fumagillin and its derivatives (e.g. TNP-470) show high 
efficacy in treatment against e.g. E. bieneusi (Molina et al., 2002) and are also 
used against nosemosis, a honey bee disease (Williams et al., 2008).  
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Microsporidia have been a focus of research studies due to their ability to infect 
a wide range of host including humans. Untreated microsporidiosis can cause 
great economic losses or can be fatal for immunocompromised individuals. 
Outbreaks of human microsporidiosis in 1960s and 1970s resulted in more 
studies on development of new treatment against microsporidia. Such searches 
for new drug targets revealed that microsporidia show many similarities with fungi 
and therefore their position in the tree of life had to be once again re-vised. 
 
1.2.2. Features specific to microsporidia 
Until the late 19th century Nägeli and others considered microsporidia as 
Schizomycete yeast (Nägeli, 1857). In 1882 Balbiani established a new Nosema 
group which was grouped with Sporozoa (Balbiani, 1882) and stayed within this 
group until 1983, when the position of microsporidia was radically re-vised 
(Cavalier-Smith, 1983). Due to lacking mitochondria, which are canonical 
eukaryotic structures, they were postulated to belong to Archezoa, the early 
branching eukaryotes. However, recent molecular and phylogenetics studies as 
well as morphological data (e.g. presence of chitin in the spore wall, trehalose, 
similar cell cycles, similarities in eukaryotic signature proteins (ESPs) and the 
intranuclear mitotic spindle) strongly support that microsporidia evolved from 
fungi and are descendants of zygomycetes (Capella-Gutiérrez et al., 2012; Hirt 
et al., 1999; Keeling and McFadden, 1998; Lee et al., 2008), but their ancestry 
and relationship with fungal groups is still a matter of debate (Fig. 1-1).  
Microsporidia are eukaryotic, unicellular organisms with a nucleus surrounded by 
an envelope, but they have a number of unique cytological and molecular 
features such as the lack of canonical eukaryotic mitochondria, Golgi apparatus, 
peroxisomes and 9 + 2 microtubular structures (e.g. flagella). The nucleus of 
Enterocytozoon, Pleistophora, Trachipleiostophora and Encephalitozoon is 
singular, while Nosema, Vittaforma and Thelohania are diplokaryons. The 
ribosomes are contained within the cytoplasm and are of prokaryotic 70S size 
with short small-subunit-rRNA genes (Bigliardi and Sacchi, 2001). The ribosomes 
consists of 23S large subunit (LSU) rRNA and 16S small subunit (SSU) rRNA, 
where 5.8S and LSU rRNAs are fused just like in prokaryotes (Ishihara and 
Hayashi 1968; Vavra and Larsson, 1999; Vossbrinck et al., 1987; Weiss, 2001). 
Additionally, their genome size resembles bacteria, with microsporidian 
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E. intestinalis being the smallest eukaryotic nuclear genomes described so far 
which is 2.3 Mbp with approx. 1850 ORFs (Corradi et al., 2011) (Table 1-3). In 
comparison, E. coli K-12 has a 4.6 Mb genome with around 4200 protein-
encoding genes (Blattner, 1997), whereas S. cerevisiae 12 Mb genome encodes 
around 6000 genes (Goffeau et al., 1996). 
 
 
 
Fig. 1-1.  Phylogenetic analysis of microsporidia. Until recently, microsporidia 
were classified as protozoa, but the newest analysis have grouped them as close 
relatives of fungi. Such transfer is supported both by molecular and phylogenetic 
analysis, and further studies revealed a plethora of similarities between 
microsporidia and fungi. The origin of mitochondria is unclear (dashed lines). Mya 
– million years ago. Reprinted with permission from Hedges (2002). 
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Massive reduction and compression of genetic information in microsporidia 
genomes is believed to result from containing small sets of proteins, short 
intergenic regions, rare repetitive regions, transposons within the genes, a few 
introns and gene overlaps and often shorter than their orthologs protein-encoding 
genes (Corradi and Keeling, 2014; Keeling, 2009; Peyretaillade et al., 2011). 
Moreover, microsporidia have undergone reduction (or complete loss) of core 
biological pathways, such as tricarboxylic acids cycle (TCA), de novo 
biosynthesis of amino acids and nucleotides or oxidation of fatty acids (Corradi 
and Keeling, 2014) thus  they probably acquire energy and metabolites from their 
host (Corradi and Slamovits, 2011; Peyretaillade et al., 2011). Such reduction is 
also seen in microsporidia with larger genomes such as 24 Mbp Hamiltosporidium 
tvaerminnensis, a parasite of Daphnia and is thought to be due to their obligate 
intracellular parasitic lifestyle (Corradi et al., 2009, 2011; Corradi and Keeling, 
2014). 
 
 
Table 1-3. Comparison of 8 microsporidian genomes. 
 E.i. E.h. E.r. E.c. E.b. N.p. H.t. N.c. 
Chromosomes 11 11 11 11 N.A. N.A. N.A. N.A. 
Genome size (Mbp) 2.3 2.5. 2.5 2.9 6 4 24 7.86 
G+C content (%) 41.4 43.4 40.3 47 25 34.4 26 N.A. 
Gene density (gene/kbp) 0.86 0.86 0.84 0.83 0.87 0.66 0.23 0.6 
Mean gene length (bp) 1041 1080 1061 1041 1002 N.A. 1056 N.A. 
Mean intergenic length 
(bp) 
120 124 130 166 127 N.A. 429 N.A. 
Presence overlapping 
genes  
Yes Yes Yes Yes Yes N.A. No yes 
SSU-LSU rRNA genes 22 22 22 22 N.A. N.A. >2 N.A. 
tRNAs 46 46 46 46 46 52 37 N.A. 
tRNA synthetases 21 21 22 21 21 N.A. 21 20 
Spliceosomal Introns 36 36 36 36 0 0 >6 6 
Predicted ORFs 1848 1848 1835 2010 3804 2660 2174 2614 
 
Abbreviations: E.i. – Encephalitozoon intestinalis, E.h. – Encephalitozoon hellem, E.r. -  
Encephalitozoon romaleae,  E.c. – Encephalitozoon cuniculi, E.b. – Enterocytozoon 
bieneusi, N.p. – Nematocida parisii,  H.t. – Hamiltosporidium tvaerminnenaia, N.c. – 
Nosema ceranae.  Adapted from Corradi and Keeling (2014). 
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Microsporidia used to be considered as amitochondriate, hence their 
classification to “primitive” archezoa (Cavalier-Smith, 1983, 1987) and this was 
supported by the phylogenetic analysis of ribosomal RNA genes (Vossbrinck et 
al., 1987). However, recent discoveries of mitochondrion associated genes, such 
as mitochondrial heat shock protein 70 (mtHSP70) (Arisue et al., 2002; Germot 
et al., 1997; Hirt et al., 1997; Peyretaillade et al., 1998), pyruvate dehydrogenase 
(PDH) (Fast and Keeling, 2001), inner membrane peptidase 2 (IMP-2) (Williams 
and Keeling, 2005), proteins putatively targeted to mitochondria (Katinka et al., 
2001) and finding the relict structure itself in Trachipleistophora hominis (Williams 
et al., 2002), now called a mitosome, ruled microsporidia out from the 
amitochondriate category and suggests that they might have once had fully 
functional mitochondria. Mitosomes show reduction in size, structure and function 
(Vavra and Larsson, 1999) and they have been shown to function only in the 
folding of the iron sulphur (Fe-S) clusters (Goldberg et al., 2008; Williams and 
Keeling, 2005; Williams et al., 2002), which are essential cofactors for yeast 
S. cerevisiae proteins (Lill and Kispal, 2000). Microsporidia lack a number of 
mitochondria associated genes such as PDH E2 and PDH E3 proteins, and 
mtHSP40 that generally interacts with mtHSP70 (Williams et al., 2002). 
Moreover, mitosomes have reduced genome and they lack many components of 
core pathways, while the remaining pathways have been simplified by reduction 
(Williams et al., 2002). 
Despite having a highly reduced genome, horizontal gene transfer (HGT) has 
been identified in some microsporidia. HGT is a nonsexual way of gaining genes, 
a common phenomenon in prokaryotes and is thought to originate from the 
constant proximity of a parasite with its host or bacteria residing within the host 
(Corradi and Keeling, 2014; Richards et al., 2003). Due to the growing number of 
available microsporidian genomes, a number of HGT candidates have been 
identified, such as ATP transporters (translocators) (Richards et al., 2003). ATP 
transporters are found only in intracellular prokaryotes and phylogenetic analysis 
confirm their origin from Chlamydia. Their acquisition probably enables 
microsporidia to scavenge host ATP and probably strongly contributed to their 
parasitic lifestyle (Corradi and Keeling, 2014; Richards et al., 2003). Other 
bacteria-derived genes, e.g. oxidative stress detoxifier manganese superoxide 
dismutase (MnSOD) and catalase have been identified in Antonospora, 
Hamiltosporidium and Nosema (Fast et al., 2003; Corradi et al., 2009; Xiang et 
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al., 2010). Morevover, HGT of eukaryote-derived genes, such as arthropod 
derived folylpolyglutamate synthase (FPGS) and a purine nucleotide 
phosphorylase (PNP) have been recently identified in Encephalitozoon species 
(Selman et al., 2011; Selman and Corradi, 2011) which may be utilised in salvage 
of host folate and purine, respectively. HGT generally brings advantages for the 
pathogen, such as improvement of metabolic capabilities or its higher resistance 
to the environmental stress.  
 
Summarising, reduction of the genome, considerable dependence on its host due 
to lack of fully functional mitochondria and acquisition of foreign genes by 
horizontal gene transfer proves to be evolutionary successful as microsporidia 
infect a wide range of hosts (Troemel, 2011) (Table 1-2; Table VII-1 in Appendix 
VII). Moreover, the ability to form spores which can resist unfavourable 
environment, such as changes in the pH and oxidative or osmotic stress, and 
their unique structure, the extrusion apparatus, enable microsporidia to infect a 
number of hosts with high efficiency, resulting in production of vast numbers of 
infective stages. 
 
1.2.3. General biology and the life cycle of microsporidia 
Microsporidia are unicellular, obligate intracellular parasites and can only survive 
outside the host as dormant, environmentally resistant and infective spores. The 
spore size varies from 1-40 µm and all microsporidian spores share common 
characteristics, with the most distinctive being the extrusion apparatus used 
during the infection process (Keeling and Fast, 2002; Wittner and Weiss, 1999). 
The extrusion apparatus is an elaborate complex consisting of a polar tube (or 
polar filament), sac-anchoring disk complex, a polaroplast and a posterior 
vacuole (Wittner and Weiss, 1999). The polar tube extends straight from the 
anchoring disk to the posterior vacuole, where it coils around the sporoplasm and 
the posterior vacuole (Fig. 1-2) creating a number of coils that varies between the 
species (Franzen, 2004) with, for example, 18-21 coils in N. ceranae (Chen et al., 
2009a). The polar tube is confined in a unit membrane, while the core has 
electron dense, fine granular material (Bigliardi and Sacchi, 2001). The straight 
part of the polar filament is surrounded by the polaroplast, which is divided into 
two regions, the lamellar polaroplast and the tubular (vesicular) polaroplast. The 
former consists of flattened membranes which are arranged perpendicular to the 
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tube, whereas the latter is a tubular structure (Bigliardi and Sacchi, 2001). The 
polaroplast, the posterior vacuole, the rough endoplasmic reticulum and Golgi 
apparatus are sometimes regarded as part of the extrusion apparatus as they 
mediate extrusion of the polar tube during the infection process (Bigliardi and 
Sacchi, 2001; Xu and Weiss, 2005).  
A mature microsporidian spore is surrounded by a thick, environmentally resistant 
wall, which consists of an exospore and endospore (Fig. 1-2) (Wittner and Weiss, 
1999). The exospore, an electron dense and protein rich outer layer, is layered 
and consists of an outer spiny layer and an inner fibrous layer, separated by 
electron-lucent lamina (Bigliardi et al., 1997). The endospore, which connects 
highly electron dense plasma membrane with exospore, is an electron-lucent, 
chitin and protein based inner layer (Ruiz-Herrera and Ortiz-Castellanos, 2010; 
Xie and Lipke, 2010). It is thinner and more electron-dense around the anchoring 
disk where polar tube is expelled (Fig. 1-2) (Bigliardi and Sacchi, 2001; Bigliardi 
et al., 1997). Such composition provides a spore with structural rigidity and ability 
to withstand hostile environment conditions, such as changed in the pH and 
oxidative or osmotic stress (Wittner and Weiss, 1999). The presence of chitin was 
initially confirmed by alkaline hydrolysis of spores with chitinase (Erickson and 
Blanquet, 1969) and it is chitin that is responsible for the fluorescence of 
microsporidian spores, when stained with chemofluorescent brighteners, such as 
Calcofluor White and Fungifluor (Ghosh and Weiss, 2009). Chitin also confers 
additional protection to the infective sporoplasm and gives rigidity to the spore 
during polar tube eversion (Erickson and Blanquet, 1969) and is one of the 
reasons microsporidia have been classified as Fungi (Wittner and Weiss, 1999). 
The spore wall comprises of spore wall proteins (SWPs) and is the first to come 
into contact with the host, and therefore may be recognised by the host during 
the infection process (Wu et al., 2008). It has been shown that phagocytosis of 
the spore is indeed mediated by the interactions of the SWPs with the host 
plasma membrane (Couzinet et al., 2000) and that the SWP-mediated 
phagocytosis is an essential part of the infection process (Hayman et al., 2005; 
Southern et al., 2006; 2007). It has also been shown that the presence of host 
cell surface sulphated glycans (glycosaminoglycans GAGs), such as heparin, 
plays an important role in attachment of a parasite to host cells  (Cardin and 
Weintraub, 1989; de Castro Côrtes et al., 2012; Hayman et al., 2005; Southern 
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et al., 2007) and the presence of heparin binding proteins on the microsporidian 
spore surface additionally facilitates such interactions (Hayman et al., 2005; 
Southern et al., 2007). Those proteins often contain heparin binding motifs 
(HBMs), which are generally identified by two motifs: XBBBXXBX (HBM1) or 
XBBXBX (HBM2), with X standing for any neutral amino acid (A, N, C, Q, G, I, L, 
M or F) and B being a basic amino acid (R, K or H). Extensive research which 
has been recently undertaken on microsporidian SWPs, contributes to further 
understanding of the host-parasite interactions and helps develop new diagnostic 
tools and therapeutics (Wu et al., 2008). 
 
 
 
Fig. 1-2. Generalised structure of a microsporidian spore. Characteristic to 
all microsporidian spores, extrusion apparatus consists of a polar tube which is 
attached to the anterior part of the spore via anchoring disc. The number of polar 
tube coils around the sporoplasm within the spore depends on the species and 
can range from 4-30 coils. Re-drawn from Franzen (2004). 
 
Various pathways of spore entry have been described (Fig. 1-3), with the most 
common comparing the polar tube to a hypodermic needle which delivers 
sporoplasm and spore nucleus into the host cytoplasm (Delbac and Polonais, 
2008; Franzen, 2005; Keeling and Fast, 2002; Xu and Weiss, 2005). The injection 
of the sporoplasm may occur in the gut lumen (Fig. 1-3.2), upon direct contact 
with the epithelium cell (Fig. 1-3.3) or during engulfment of the spore by the host 
cell upon ingestion (Fig. 1-3.4). Some microsporidia are first engulfed by the host 
cell membrane and once inside the cell cytoplasm the polar tube extrusion begins 
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the infection process (Fig. 1-3.5). Microsporidia, which develop within a 
parasitophorous vacuole can infect either the same or neighbouring cell 
(Fig. 1- 3.6). Another scenario describes extrusion of the sporoplasm by the 
spore in the close vicinity to the host cells and its subsequent engulfement by the 
host membranes (Fig. 1-3.7) (Franzen, 2005).  
 
 
Fig 1-3. Host cell invasion by microsporidia. 1. A microsporidian spore. 2. The 
host cell membrane is pierced by the extruded polar tube, followed by injection of 
the sporoplasm into the cell. 3. The microsporidian spore interacts with the cell 
membrane which leads to extrusion of the polar tube. The sporoplasm is 
phagocytised into a vacuole surrounded by host-derived cell-membrane. 
4. Initiation of spore endocytosis mediates extrusion of the polar tube and 
injection of the sporoplasm inside the host. 5. A spore can be phagocytosised 
within the host cell where it extrudes its polar tube and escapes host immune 
system components, such as lysosomes. 6. Encephalitozoon spp. developing 
within a parasitophorous vacuole can initiate secondary infection either from the 
vacuole or from the host cell cytoplasm, infecting either the same or an adjacent 
cell using the polar filament. 7. The extruded polar tube is being phagocytised. 
Re-drawn and adapted from Franzen (2005). 
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The germination process in not well understood and varies between species, 
reflecting their adaptation to different hosts and environments (Keohane and 
Weiss, 1998, 1999). Once stimulated, ingested spores expel a polar tube towards 
the target. If they come across a host cell, the tube everts injecting nuclei and 
sporoplasm inside the cell, and this is often associated with piercing the 
membrane. Discharge of the polar tube is always a rapid process and occurs 
from the anterior part of the spore, where the spore wall is the thinnest (see 
Fig. 1- 2) (Weiss, 2001). In vitro infection of N. algerae takes less than 2 sec and 
the microsporidian is able to discharge the filament at 105 µm/s (Frixione et al., 
1992). Microsporidia species have adapted a number of strategies to expel the 
polar tube, but the germination process is generally triggered by changes in the 
internal osmotic balance caused by alteration in the environment, such as 
changes in pH or ion content (Keohane and Weiss, 1998, 1999). For example, 
data from Spraguea lophii suggest that the polar tube discharge can be triggered 
by the presence of an external source of calcium ions (Ca2+) and changes in pH 
(Pleshinger and Weidner, 1985). The elaborate structure of the spore wall is 
thought to be responsible for maintenance of the rigid shape and spore protection 
due to high hydrostatic pressure that builds up during germination (Bigliardi and 
Sacchi, 2001; Frixione et al., 1992). High activity of trehalase has been seen in 
the spores of N. algerae during this process and it has been postulated that 
trehalose plays crucial role in spore germination (Undeen, 1990). Break down of 
trehalose (a disaccharide consisting of two molecules of glucose) causes a build-
up in pressure and this is linked to an influx of water inside the cell causing 
swelling of the protoplast (Frixione et al., 1992; Undeen et al., 1987; Undeen and 
Frixione, 1990; Undeen and van der Meer, 1994). Moreover, enlargement of the 
posterior vacuole drives the sporoplasm into the lumen of the polar tube and 
pushes it through (Bigliardi and Sacchi, 2001; Xu and Weiss, 2005). However, it 
has been shown in Nosema apis that there is no significant difference in levels of 
trehalose between germinated and ungerminated spores (De Graaf et al., 1993), 
suggesting that different strategies have developed between species. An 
alternative theory proposed by Dall (1983) links the increase in osmotic pressure 
with cation-proton exchange regulating water flow across the membrane. 
According to this theory, due to the alkaline environment, the level of cations 
within the cell increases and this is followed by changes in the internal 
homeostasis causing a sudden inflow of water into the spore. This leads to 
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enlargement of the polaroplast and the posterior vacuole, an increase in the 
internal pressure and finally results in extrusion of the polar tube. However 
another theory, supported by studies from Glugea hertwigi spores, points out the 
importance of polaroplast-derived calcium in osmotic changes (Weidner and 
Byrd, 1982). 
The mechanism of sporoplasm entry into the host cell is unclear. However 
predominantly, initial steps involve the swelling of the polaroplast, which leads to 
evertion of the anchoring disk and polarization of the polar tube proteins (PTPs), 
which are deposited on the polar tube membrane, prolonging the filament 
attached to the spore. At this stage, the posterior vacuole begins to swell 
generating an internal pressure that mediates the translocation of the sporoplasm 
and the nucleus inside the polar tube leading to their injection into the host 
cytoplasm (Bigliardi and Sacchi, 2001; Delbac and Polonais, 2008). The polar 
tube itself is a hollow tube that can measure 50-500 µm in length, with diameter 
of 0.1-0.2 µm and is predominantly built of polar tube proteins (PTPs) e.g. PTP1, 
PTP2 and PTP3 s (Frixione et al., 1992; Keeling and Fast, 2002), which do not 
show homology within protein databases (Delbac and Polonais, 2008). PTPs of 
microsporidia such as E. cuniculi PTP1 (Bouzahzah and Weiss, 2010) and 
E. hellem PTP1 (Xu et al., 2004) can be post-translationally modified by 
O- glycosylation. It has been suggested that this modification plays an important 
role in polar tube protection from the enzymatic degradation within the 
gastrointestinal tract of the host and it can also facilitate binding to the host 
membranes by attachment to the mannose receptors (Xu et al., 2004). PTPs are 
resistant to dissociation in detergents and acids, but do dissociate in DTT and 
this characteristic is used in the laboratory to separate the PTPs from other spore 
components (Keohane and Weiss, 1998). Moreover, yeast-2-hybrid (Y2H) and 
immunoprecipitation (IP) experiments confirmed cross-interactions of E. cuniculi 
polar tube proteins (Bouzahzah et al., 2010). Also N. bombycis PTPs, PTP2 and 
PTP3 interact with a spore wall protein NbSWP5 (Li et al., 2012). Polar tube 
immunogenicity and development of antibodies specific to PTPs may help 
elucidate the eversion process of the polar tube, their interaction partners, 
molecular basis of the polar tube assembly and entry of the polar tube into the 
host which are still unclear and are to be elucidated (Keohane and Weiss, 1998, 
1999). 
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Once inside the host, microsporidia undergo two recognizable phases in their 
development: merogony, a proliferative phase during which the number of cells 
rapidly increases, followed by sporogony, the production of spores from 
sporoblasts (Bigliardi and Sacchi, 2001). Merogony occurs after injection of the 
sporoplasm into the host cytoplasm. Meronts, the proliferative cells, are 
membrane bound round cells with a large nucleus. Depending on the species, 
they may have one or two nuclei and all have poorly developed ribosomes 
(Bigliardi and Sacchi, 2001). In Nosema and Enterocytozoon meronts develop 
within the host cytoplasm. In Encephalitozoon they develop within a 
parasitophorous vacuole with a host-derived single membrane. Meronts of 
Pleistophora, Trachipleistophora and Thelohania develop in an amorphous coat 
secreted by the parasite, whereas Endoreticulatus and Vittaforma cells undergo 
their development within the host endoplasmic reticulum. Encephalitozoon, 
Nosema, Vittaforma cells divide by binary fission, while Enterocytozoon, 
Pleistophora, Trachipleistophora produce multinucleate merogonial cells due to 
lack of cytokinesis during karyokinesis  (Bigliardi and Sacchi, 2001; Michel et al., 
2009). Meronts are converted into sporonts during sporogony. Sporonts in turn 
produce the sporoblasts, which develop into mature spores that do not undergo 
further division (Bigliardi and Sacchi, 2001). Sporonts of Nosema, 
Encephalitozoon and Vittaforma undergo binary fission producing two 
sporoblasts due to linkage of karyokinesis to cytokinesis. In Enterocytozoon and 
Pleistophora both processes are not linked to each other and sporonts develop 
as multinucleate cells. Maturation of sporoblasts into spores is characterised by 
thickening of the membrane and the development of an exospore, wrinkling of 
the spore, development of smooth and rough ER and the Golgi apparatus 
enlarges, and hence electron-dense cytoplasm of the cells (Bigliardi and Sacchi, 
2001). 
The egress of mature spores is still unclear for most species and recent research 
suggests that microsporidia may employ different strategies. For example, N. apis 
has been long associated with lysis of the epithelial cells and release of the 
mature spores into the lumen of the intestine, leading to diarrhoea in the infected 
bees and possible dissemination of infection (Fries, 1993). On the contrary, 
Nematocida parisii spores did not cause cell lysis in Caenorhabditis elegans upon 
maturation (Estes et al., 2011). Also, E. cuniculi is able to inhibit apoptosis by 
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alternation of p-53-mediated apoptosis allowing this microsporidian to grow and 
differentiate longer (Higes et al., 2013; del Aguila et al., 2006). 
Current knowledge about the mechanisms of spore infection and its development 
within the host is predominantly based on species that can be cultivated in the 
established cell lines and many microsporidia that infect economically important 
animals, such as N. ceranae, a microsporidian infecting honey bees worldwide 
contributing to the CCD (see section 1.3), lack available molecular tools and their 
investigation is greatly limited. The next section will present the current 
knowledge about nosemosis and the recent status of N. ceranae research will be 
discussed. However, further research is still needed in order to better understand 
microsporidiosis caused by those less studied species and to elucidate 
mechanisms underlying their pathogenicity, leading to establishment of efficient 
treatment of the disease.  
 
1.3. Nosema, nosemosis and Colony Collapse Disorder (CCD) 
Insects are common hosts for microsporidia and at least 12 orders is susceptible 
to infection by those intracellular parasites (Sokolova et al., 2003). Nosemosis of 
honey bees can be caused by two types of microsporidia from the Nosema 
genera, N. apis (Zander, 1909) and N. ceranae (Fries et al., 1996), that share 
common features, such as: they are apansporoblastic, monomorphic, 
diplokaryotic and disporous (Fries et al., 1996). N. apis was thought to be the only 
microsporidian infecting the Western honey bee, A. mellifera, until 1996 when a 
new species, Nosema ceranae, was described in China as a parasite of the 
Eastern honey bee, A. cerana.  Since then, N. ceranae has also been identified 
in other Apis species, such as A. florea and A. dorsata (Chaimanee et al.,  2010). 
It has been suggested that N. ceranae has switched its original host from 
A. ceranae to A. mellifera (Higes et al., 2006; Klee et al., 2007). However, due to 
lack of available samples, it is unknown when N. ceranae first infected 
A. mellifera, but it is hypothesised it happened within the last decade (Chen et 
al., 2008; Klee et al., 2007; Paxton et al., 2007). Such sudden host jumps has 
previously been seen in Varroa mite from A. ceranae to A. mellifera (Klee et al., 
2007), however it is thought to have happened faster in microsporidian than in 
mites (Paxton et al., 2007). This may reflect a higher virulence and mortality of 
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N. ceranae infected bees, at the individual and colony level, compared with 
N. apis that infects its host for much longer (Higes et al., 2006, 2007, 2008, 2013; 
van der Zee et al., 2014; Paxton et al., 2007; Martín-Hernández et al., 2011; 
Williams et al., 2014). Additionally, worldwide screening of honey bee colonies 
revealed that N. ceranae may be displacing N. apis (Klee et al., 2007), for 
example in Thailand (Chaimanee et al., 2010) and Hawaii (Chaimanee et al., 
2012) no N. apis is detectable anymore. Furthermore, N. ceranae infection shows 
higher mortality and it usually yields more spores than N. apis, and this may have 
an additional effect on the displacement process (Higes et al., 2006; Huang and 
Solter 2013; Williams et al., 2014; Paxton et al., 2007). 
The only effective treatment against nosemosis is fumagillin (see section 1.2.1) 
which is sold in the USA under the trade name Fumagillin-B (Higes et al., 2011; 
Williams et al., 2008). Fumagillin is however forbidden in EU and many other 
countries (Liu et al., 1998; OIE Terrestrial Mannual 2008; Zhang et al., 2005). The 
use of antibiotic against bee disease raises concerns, as traces of antibiotics 
have been found in e.g. honey (Al-Waili et al., 2012; Nozal et al., 2008). Overuse 
of antibiotics can also lead to an increase in antibiotic resistance to a number of 
pathogens and parasites (WHO, 2014). Recent studies suggest that N. ceranae 
is more resistant to fumagillin than N. apis and use of the antibiotic also 
contributes to Nosema species replacement (Huang et al., 2013b). Fumagillin 
has also been shown to not be effective in bumble bees against microsporidian 
N. bombi (Whittington and Winston, 2003) and none of the products used to 
control nosemosis due to A. apis infection (such as Nosestat®, Vitafeed Gold® 
and Phenyl Salicylate) are successful against N. ceranae infection, often referred 
to as nosemosis type C (Botías et al., 2013). Alternative treatments to fumagillin 
are based on either bacterial metabolites (Porrini et al., 2010) or RNAi gene 
silencing (Paldi et al., 2010) but the research is still ongoing. Due to a lack of both 
effective and a safe treatment against nosemosis type C, mainly general sanitary 
rules for N. apis infections are recommended, such as  proper ventilations of the 
hive structures, sterilisation of combs by heating to at least 49°C for 24 hours, 
wax renewal, or use of 60% acetic acid for fumigation and in-hive incubation (OIE 
Terrestrial Mannual, 2008). 
To date, N. ceranae has been identified in both the Americas, Asia and Europe 
(Chen et al., 2008; Klee et al., 2007) and Australia (Giersch et al., 2009) and has 
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been associated with Colony Collapse Disorder (CCD) (Hatjina et al., 2011; Higes 
et al., 2008, 2009, 2013). N. ceranae infection is an  infectious disease that affects 
not only economically important honey bees but has also been described in 
bumblebees (Plischuk et al., 2009). Infection affects mainly adults and may occur 
per os (i.e. by mouth) from worker to queen (Higes et al., 2009), from worker to 
worker (Smith, 2012), by trophallaxis or by grooming hair (Webster, 1993). 
Nosemosis due to N. ceranae usually affect colonies in warmer countries (as its 
spores are sensitive to lower temperatures) where it causes winter losses, 
whereas N. apis is more resistant to cold, hence its predominance in northern 
countries characterised by spring losses (Gisder et al., 2010; Higes et al., 2013; 
Martín-Hernández et al., 2012). Infection with N. ceranae does not show many 
clinical signs (Fries et al., 1996, 2006; Paxton et al., 2007; Smith, 2012) and 
depopulation is the most recognizable symptom of N. ceranae infection (Higes et 
al., 2013) in contrary to N. apis which causes dysentery (Bailey, 1955). But when 
dissected, in both cases ventriculi, the main infection site of infected bees, are 
whitish and swollen due to presence of vast number of spores (Fries et al., 1996).  
 
 
Fig. 1-4. N. ceranae life cycle. Early life cycle stages of N. ceranae. (A) Once 
polar tube is extruded it pierces the cell membrane of the host cell and injects the 
protoplasm. (B) The sporoplasm is directly surrounded by the host cell cytoplasm. 
(C) Development of the sporoplasm into a spindle-shaped meront. (D) The 
spindle-shaped meront divides into two meronts which undergo several cell 
divisions (E). (F) Development of sporonts with thick a plasma membrane. 
Adapted from Gisder et al. (2011). 
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N. ceranae spores develop within direct contact with the host cytoplasm and 
without a sporophorous vesicle (Fig. 1.4). Moreover, unlike N. apis (Gray et al., 
1969),  N. ceranae meronts do not form chains (Fries et al., 1996). The size of 
fresh N. ceranae spores varies between 3.6-5.5 x 2.3-3.0 µm (smaller than 
N. apis) with 18-21 coils (in N. apis often more than 30) and mature N. ceranae 
spores are released from the cell into the lumen of the intestine, where they can 
infect more cells or can be released with the feaces (Chen et al., 2009; Fries et 
al., 1996). The midgut is important for insects immunity, digestion, enzymatic 
production and detoxification (Vidau et al., 2014). N. ceranae destroys gut linings 
more severely than N. apis and infection finishes with high levels of epithelial cell 
degeneration and lysis (Higes et al., 2007). Moreover, host cell degeneration and 
lysis can be caused by spore release, production of the host-derived ROS or may 
occur via programmed cell death of the epithelial cells, which greatly decreases 
nutrient absorption and secretion of e.g. leucine aminopeptidase (LAP) 
responsible for pollen digestion, causing bee starvation (Matašin et al., 2012; 
Vidau et al., 2014). 
Honey bee responses have been explored upon N. ceranae infection only in a 
few studies that employed transcriptomic (Aufauvre et al., 2014; Dussaubat et al., 
2012; Holt et al., 2013) and proteomic (Vidau et al., 2014) approaches. 
N. ceranae has both physiological and behavioural effects on bees. For example, 
bees exhibit a shorter life span and/or energetic stress, they show suppressed 
proteolytic activity of the gut and bee immune system response. Moreover, bee 
protein synthesis is changed (Table 1-4). One of the most noticeable symptom of 
N. ceranae infection is energetic stress. This is a common response of the host 
due to parasitizing organisms that acquires energy and nutrients directly from the 
host (Basualdo et al., 2014) and which lacks mitochondria (Cornman et al., 2009; 
Keeling and Fast, 2002; Williams, 2009). Moreover, such stress may be caused 
when host expends energy upon infection in order to maintain the immune 
response (Mayack and Naug, 2009) or may simply occur due to host habitat loss 
(Naug, 2009). N. ceranae also causes hunger, as infected bees consume more 
syrup than un-infected bees (Mayack and Naug, 2009; Martín-Hernández et al., 
2011) thus are less likely to share their food with other bees (Naug and Gibbs, 
2009). Energetically deprived bees exhibit increased levels of alpha-glucosidase 
II in the midgut, which provides energetic substrates by carbohydrate 
metabolism,  and NADH dehydrogenase 1 alpha-subcomplex subunit 5 (Vidau et 
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al., 2014). Energy stress can cause impairment of learning and memory 
(Jaumann et al., 2013), and when energy deficient bees forage they may lack the 
strength and skill to return to the hive, which in the end could lead to the 
depopulation of colonies (Mayack and Naug, 2009). Infected bees also show a 
higher flight activity, which is caused by increased levels of ethyl oleate (OE), in 
order to avoid spreading of disease. Moreover, high levels of OE has also been 
shown to delay maturation of the bee (Dussaubat et al., 2013). In another study, 
premature foraging was caused in N. ceranae infected worker bees due to 
inhibition of vitellogenin (Vg), a yolk precursor protein, and up-regulation of 
juvenile hormone (JH), associated with behavioural development of the bees  
(Antunez et al., 2009; Goblirsch et al., 2013). On the contrary, physiological 
function of the queen is boosted when infected with N. ceranae and infection 
triggers production of Vg; however Vg is thought to be produced in queen in order 
to fight ROS (Alaux et al., 2011). 
Suppression of the host immune system is another parasite strategy in order to 
replicate and survive, hence genes encoding e.g. antimicrobial peptides (AMPs), 
such as abaecin, apidaecin, defensin, hymenoptaecin and glucose 
degydrogenase, involved in melanisation (Kuraishi et al., 2013; Schmid-Hempel, 
2005) are downregulated in N. ceranae infected bees (Alaux et al., 2010; Antúnez 
et al., 2009; Aufauvre et al., 2014; Chaimanee at al., 2012). Both AMPs and 
melanisation are important components of the insect immune system and 
together with reactive oxygen species (ROS) production they comprise the first 
hosts response to infection. However, high level of ROS is damaging for the host 
and that would explain up-regulation of genes involved in detoxification e.g. trx-
like protein, glutathione-S-transferase (GST) or catalase in bees suffering from 
nosemosis type C (Vidau et al., 2011, 2014; Dussaubat et al., 2012). 
Research studies have shown that microsporidian N. ceranae constitutes a great 
threat to honey bee colonies, initiating an elaborate host response upon infection 
(Table 1-4). However the molecular basis of the infection and interactions with 
the host are still to be deciphered. One hypothesis states, that they secrete a 
range of extracellular proteins which affect the host, mediate pathogen infection 
process and/or its development within the host cells.  
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Table 1-4. Nosema ceranae pathology. 
Effect Description Reference 
Shorter life 
span and/or 
higher bee 
mortality 
 Infected bees live shorter when 
compared to controls or bees infected 
with N. apis 
 Higher mortality in N. ceranae infected 
bees than bees infected with N. apis 
or controls (uninfected bees) 
Alaux et al., 2010; Dussaubat 
et al., 2013; Goblirsch et al., 
2013a; Higes et al., 2008; 
Martín-Hernández et al., 2011; 
van der Zee et al., 2014; Vidau 
et al., 2011 
Energetic 
stress 
 
 Sugar needs increase; starvation 
 Up-regulation of e.g. α-glucosidase II 
and NADH dehydrogenase 1 
subcomplex subunit 5 
 Down-regulation of major royal jelly 
proteins MRJP (MRJP1-3) and α-
glucosidase III 
Alaux et al., 2010; Martín-
Hernández et al., 2011; 
Mayack and Naug, 2009;  
van der Zee et al., 2014;  
Vidau et al., 2014 
Changes in the 
cells of the 
ventriculus  
 Impairs cell signalling and tissue 
integrity  
 Inhibition of apoptosis of ventriculi 
epithelial cells 
 Re-epithelisation is reduced 
Dussaubat et al., 2012;  
Higes et al., 2007, 2013  
Immuno-
supression  
 Antimicrobial peptides (abaecin, 
apidaecin, defensin, hymenoptaecin) 
 Glucose degydrogenase 
Alaux et al., 2010; Antúnez et 
al., 2009; Aufauvre et al., 
2014; Chaimanee at al., 2012 
Detoxification/ 
ROS gene up-
regulation  
 TRX-like 2 protein 
 Glutathione-S-transferase S1 (GST) 
 Catalase 
Dussaubat et al., 2012;  
Vidau et al., 2011, 2014 
Behavioural 
fever 
 Bees exhibit higher body temperature 
Campbell et al., 2010; 
Dussaubat et al., 2013 
Hormonal 
changes  
 Accelerated behavioural development - 
premature foraging 
 Inhibition of vitellogenin (Vg) in worker 
bees 
 Increase of Vg production in queen 
 Juvenile hormone (JH) increase in 
worker bees; 
 Increase of ethyl oleate (EO) in worker 
bees 
Alaux et al., 2011;  Antunez et 
al., 2009; Dussaubat et al., 
2010, 2013; Goblirsch et al., 
2013; Holt et al., 2013  
 
Nosemosis type C of honey bees causes a number of physiological and 
behavioural effects, such as reduction of bee life span, higher mortality of infected 
bees, energetic stress, changes in the epithelium of the ventriculus, down-
regulations of the immune system components, up-regulation of genes involved 
in detoxification, behavioural fever and number of hormonal changes. 
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1.4. Effector proteins and their identification  
Intracellular parasites have been shown to secrete a range of virulence factors 
(effector proteins) and they have been identified in bacteria (Canonne and Rivas, 
2012), fungi (Stergiopoulos and de Wit, 2009; Wit et al., 2009), oomycetes 
(Schornack et al., 2009; Kale, 2012), protozoa (Plattner and Soldati-Favre, 2008; 
Sibley, 2011), nematodes (Lin et al., 2013; Mitchum et al., 2013; Quentin et al., 
2013) and aphids (Rodriguez and Bos, 2013), however the mode of action of 
many is yet to be elucidated. In bacteria, at least seven distinct secretion systems 
has been identified which deliver effectors into the host (Tseng et al., 2009), 
whereas fungi can secrete degrading enzymes facilitating their entry (Matzinger, 
2007). Effectors are secreted by pathogens in order to enter the host, establish a 
parasitic relationship and survive within the host cells. Effector proteins can thus 
be divided, according to their function: i) enzymes responsible for gaining an 
access to the host internal compartments, ii) lethal toxins, iii) proteins protecting 
the pathogen from the host defence mechanisms, and iv) proteins that directly 
interact with the host cell metabolic pathways and its immune system 
components (Angot et al., 2007; Canonne and Rivas, 2012; Gimenez-Ibanez et 
al., 2014; Kale, 2012; Lee et al., 2012; Stergiopoulos and de Wit, 2009; Wit et al., 
2009). 
Protein precursors of extracellular (i.e. proteins secreted extracellularly and those 
associated with the cell surface) are synthesized in the cytoplasm (Lodish et al., 
2000). The majority of identified filamentous pathogens` (fungi and oomycetes) 
effectors have a short N-terminal signal peptide (SP) (Kamoun, 2007), which is 
either inserted into the plasma membrane or is cleaved off by the translocation 
machinery before entering the secretory pathway (Kapp et al., 2009; Martoglio 
and Dobberstein, 1998) (Fig. 1-5 (2)). A signal peptide is a signal peptidase I 
cleavage site (recognised by a signal peptide peptidases) and consists of regions 
of “n-h-c”, where n is basic/positively charged N-terminus, h is hydrophobic 
followed by polar c region (Nielsen et al., 1997; von Heijne, 1986). SP cannot be 
identified using standard DNA-hybrydization or methods based on PCR due to 
their high degeneracy (Kamoun, 2009), but the presence of the “n-h-c” regions in 
many signal peptides enabled development of bioinformatics tools, which provide 
quick and accurate predictions of protein localisation for prokaryotes and 
eukaryotes (Koonin, 2000; Nakai, 2001). The first method to predict signal 
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peptides published in 1986 (von Heijne, 1986) was based on machine learning 
techniques and was estimated to be 75-80 % accurate. Torto et al. (2003) proved 
that applying bioinformatics tools in the plant pathogen Phytophthora infestans 
could determine a set of pathogen`s effectors, collectively termed a secretome.  
Such methods can be later verified with a yeast secretion assay (Lee et al., 2006). 
Nowadays, the most commonly used bioinformatics tool to predict SP is SignalP 
(Bendtsen et al., 2004; Melhem et al., 2013; Nielsen et al., 1999), but it has been 
shown that combining a number of genetic and bioinformatics tools in one search 
may yield more reliable results (Melhem et al., 2013; Min, 2010). However, many 
effectors such as Avra10 and Avrk1 of B. graminis f. sp. Hordei (Ridout et al., 
2006) do not have SP and can enter non-classical secretory pathways, hence 
showing the limitations of bioinformatics tools (Bendtsen et al., 2004). 
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1.4.1. N. ceranae secretome  
Many protozoan organisms, including microsporidia, have been shown to secrete 
a set of proteins facilitating their infection and host invasion (Sibley, 2011). 
Effectors are able to target a range of host compartments such as the cytoplasm, 
plasma membrane, chloroplasts, mitochondria, the apoplast, xylem or nucleus 
(Krachler et al., 2011; Hicks and Galán, 2013) where they alter a variety of host 
cellular processes, such as the ubiquitin-proteasome system (UPS) responsible 
for the protein degradation (Dudler, 2013)(see section 5.1.1). Fungal (Fernandez 
and Wilson, 2014; Missall and Lodge, 2005) and bacterial (Windle et al., 2000; 
Comtois, 2003) pathogens, as well as some cancer cells (Lincoln et al., 2010; 
Arnér and Holmgren, 2006), have been shown to secrete components of the 
thioredoxin system (see section 4.1.1) in order to facilitate the infection process, 
thrive and survive within the host`s environment. Recently, the secretome of a 
microsporidian S. lophii has been identified and was additionally validated 
experimentally (Campbell et al., 2013).  
Based on the availability of the newly sequenced genome of N. ceranae, 
Cornman et al. (2009) investigated the presence of the putative effectors in 
N. ceranae. The predictions were entirely based on the identification of a SP in 
the amino acid sequence of the proteins and they were performed with the most 
frequently used SP prediction tool, SignalP 3.0 (Bendtsen et al., 2004). The 
identified N. ceranae secretome, comprising 88 proteins predicted to be secreted 
extracellularly, was utilised in this study and was taken for further investigation. 
However, due to time restrictions only a subset of the predicted effector proteins 
was subjected to bioinformatics and experimental analysis, with the main focus 
on the hexokinase, the thioredoxin system (see Chapter Four) and an effector 
candidate associated with the ubiquitin-proteasome system (UPS) (see Chapter 
Five). 
 
1.4.2. N. ceranae lacks molecular tools 
To date, the genomes of 11 microsporidian genera have been sequenced and 
are deposited at MicrosporidiaDB (www.microsporidiadb.org). The first 
microsporidian genome, E. cuniculi, was published in 2001 by Katinka et al. and 
was considered to be the smallest eukaryotic genome sequenced by that date 
with a size of 2.9 Mbp. Since then, more economically important microsporidia 
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have been sequenced including those that infect humans, and they all have a 
reduced genome (Table 1-3) (Corradi et al., 2011, 2013). Recent advances in the 
field of genomics have allowed basic annotation and characterisation of newly 
sequenced genomes by utilising a functional and comparative genomics 
approaches. Due to conservation of many genes throughout all species, genes 
of an un-annotated genome can be assigned predicted functions based on its 
comparison with an already annotated genome of a closely related species, 
preferably from the same genera. This may reveal any differences reflecting 
pathogenicity mode between those species at the molecular level (Pan et al., 
2013). The utilisation of a genomics approach is generally followed 
experimentally by a reverse genetics approach, namely elucidation of the native 
function of a protein encoded by the gene of interest with a known sequence is 
explored by down-stream experiments. This in turn can employ a range of 
proteomics techniques (Graves and Haystead, 2002). The publication of 
N. ceranae genome in 2009 (Cornman et al., 2009) allows characterisation of this 
important bee pathogen at the molecular level and, moreover, a genome of 
N. ceranae host, A. mellifera is also available allowing us to investigate the host-
parasite relationship (Weinstock et al., 2006). 
Studying intracellular parasites usually requires availability of already 
established, efficient in vitro systems, such as cell cultures (Chen et al., 2009b). 
Since 1962, when the first insect cell line was developed, more than 500 lines 
have been established to date (Lynn, 2001) and these are important tools to study 
obligate intracellular parasites like microsporidia. Cell lines enable in vitro 
exploration of a parasite morphology, its functional genetics, life cycle, infection 
process and its early stages, such as adherence to the host cell, entry, egress or 
host response to the infection (e.g. innate immunity, cell response and cell death). 
They can also be used for propagation of spores for further experiments (DNA 
extraction, species identification by PCR) or for e.g. pest control (Chen et al., 
2009b; Visvesvara, 2002). In vitro culturing methods and lines are available for 
some economically important microsporidia, such as E. hellem, E. intestinalis, 
V. corneae and E. cuniculi (reviewed in Visvesvara, 2002), however some human 
pathogens, such as E. bieneusi cannot be maintained in long term cultures and 
only short-term growth of E. bieneusi was achieved (Visvesvara et al., 1995).  
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IPL-LD-65Y, a gypsy moth (Lymantria dispar) cell line established from the 
ovaries, has recently been identified to be susceptible to both Nosema apis and 
Nosema ceranae (Gisder et al., 2011), however it is difficult to maintain, the 
infection yield is very low and it is prone to fungal infections (e.g. from un-properly 
washed spores) (Dr Jill Cheetham, personal communication). Despite a high 
number of commercially developed insect cell lines, no honey bee cell line is 
available. A new line AmE-711, derived from honey bee embryonic cells has just 
been established and reached 18 passages at the time of its publishing 
(Goblirsch et al., 2013b), however its longevity and susceptibility to N. ceranae 
spores is to be explored. Another challenge when studying Nosema species is 
the lack of general molecular tools for microsporidia, such as lack of transfection 
protocols, knockouts are difficult to construct, limited molecular data exists as 
genomes have only recently been sequenced. Moreover, collection, propagation 
and processing of spore samples is problematic (Akiyoshi et al., 2009; Wu et al., 
2008). New hosts have been proposed to study host-parasite interactions in vivo, 
such as  zebrafish (to study a microsporidian P. neurophila) and C. elegans (to 
study N. parisii) (Troemel, 2011), but these still require further development. 
The development and/or improvement of a cell line prone to N. ceranae infection 
was not in the scope of this project, hence it was necessary to choose an 
alternative model to study N. ceranae until better, more efficient and commercially 
available in vitro tools are developed. Therefore, the budding yeast S. cerevisiae 
(section 1.4.3) was chosen due to its wide range of available molecular tools and 
its application in wide highthroughpout screening. Additionally, the fruit fly 
D. melanogaster (section 1.4.4) was utilised to act as a bee surrogate in studying 
N. ceranae proteins. 
 
1.4.3. S. cerevisiae as a model tool   
Baker’s yeast, or Saccharomyces cerevisiae, is one of the most widely utilised 
and versatile eukaryotic model organisms (Karathia et al., 2011). S. cerevisiae is 
non-pathogenic, easy and cheap to cultivate, with a generation time of approx. 
90 minutes. Conservation of fundamental processes along all eukaryotic taxa 
makes this single cell organism more suitable to study gene functions and 
biological processes of higher eukaryotes rather than study the multicellular 
organisms itself (Mell and Burgess, 2002). Moreover, S. cerevisiae is often used 
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as a genetic tool to study humans genes, as estimated 30% of genes involved in 
human diseases have homologs in yeast (Foury, 1997). For this reason, it is a 
powerful system for studying a range of biological processes such as aging, the 
cell cycle or metabolism (Karathia et al., 2011). The S. cerevisiae S288C genome 
is freely available from the Saccharomyces Genome Database (SGD; 
www.yeastgenome.org) and since its publication (Goffeau et al., 1996) it has 
been well characterised and a variety of molecular techniques has been 
established for its genetic manipulation, such as yeast-two-hybrid (Y2H) or yeast 
chromatin immunoprecipitation (CHIP) analysis for which extensive information 
is available from SGD.  
A consortium of laboratories created the Yeast Knockout Library (YKO), a 
collection of deletion strains for non-essential genes (approx. 5000). Using a 
PCR-based method each gene of interest was replaced with the KanMX cassette 
(allows selection in the presence of the antibiotic geneticin) and tagged with a 
unique bar code. Generation of strains in both a and α haploid mating types, 
heterozygous and homozygous diploid backgrounds generated a total of over 
20,000 mutants. Generation of the YKO library revealed approx. 1100 
S. cerevisiae essential genes, and this set of essential genes was subsequently 
used to generate the Tet-YKO library with each gene under the control of a 
tetracycline promoter.  
Generation of a range of ORF libraries with each ORF C-teminally tagged either 
with a green fluorescent protein (GFP) sequence derived from Aequorea victoria 
(C-terminal) or a GFP derivative, a yellow fluorescent protein (YFP) identified 
localisation of three quarters of the S. cerevisiae proteome (Huh et al., 2003; 
Kumar et al., 2002), autophagy-related proteins (Ma et al., 2008) and genes 
involved in filamentous growth (Bharucha et al.,  2008), while the tandem affinity 
purification (TAP) tag elucidated protein abundance in S. cerevisiae 
(Ghaemmaghami et al., 2003). Yeast Barcoder (Yan et al., 2008) and Molecular 
Barcoded Yeast ORF (MoBY-ORF) (Ho et al., 2009) collections are used in 
chemical-genetic assays and did unravel e.g. the genetic basis of drug resistance 
(Ho et al., 2009). Overexpression of C-terminal ORF fusion proteins increased 
the number of S. cerevisiae glycome candidates (Gelperin et al., 2005). 
Generation of the Glutathione-S-Transferase (GST) library with ORFs 
N- terminally tagged with a GST tag and under the inducible GAL1/10 promoter 
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revealed that around 15% of S. cerevisiae genes inhibit its growth when 
overexpressed (Sopko et al., 2006).  
 
 
Table 1-5. Molecular tools available to investigate S. cerevisiae.  
 Yeast Library  Reference Available from: 
ORF 
libraries 
Yeast ORF 
Collection  
Gelperin et al., 2005  Open Biosystems 
 
Yeast GFP Clone 
Collection   
Huh et al., 2003; Kumar et al., 
2002 
Constructed by Erin O`Shea and 
Jonathan Weissman;  
images available from: 
www.yeastgfp.yeastgenome.org 
Life Technologies 
(formerly Invitrogen) 
 
Yeast YFP Fusion 
Kinase Collection 
Bharucha et al., 2008; Ma et al., 
2008 
Open Biosystems 
 
Yeast TAP-
tagged ORFs 
Ghaemmaghami et al., 2003  
Constructed by Erin O`Shea and 
Jonathan Weissman 
Open Biosystems 
 
Yeast GST-
tagged ORFs 
Sopko et al., 2006 
The Brenda Andrews laboratory 
Open Biosystems 
 
Yeast HA-tagged 
Collection 
Gelperin et al., 2005 Open Biosystems 
 
Molecular 
Barcoded Yeast 
ORF (MoBY-
ORF) Collection 
Ho et al., 2009  
The Boone lab 
Open Biosystems 
 
Yeast Barcoder 
Collection 
Yan et al., 2008 Open Biosystems 
 
Yeast Tet-
Promoters 
Hughes Collection 
(yTHC) 
Mnaimneh et al., 2004  
The Ted Hughes laboratory 
Open Biosystems 
Deletion 
libraries  
 Yeast Essential 
Collection;  
 Yeast 
Heterozygous 
Library; Yeast 
Homozygous 
Diploid Library; 
 Yeast Mat-a 
and Mat-α 
Collections 
Consortium of laboratories 
 
Available at: 
www-
sequence.stanford.edu/group/ye
ast_deletion_project/deletions3.
html 
 
 
Open Biosystems 
 
 
 
All created libraries are commercially available (Table 1-5) and can be easily 
optimised for use in high-throughput screens and downstream applications thus 
allowing rapid generation of data. As the majority of the libraries have been made 
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in the same background strain, experimental research data gained by one 
laboratory can be compared with data of other groups with more confidence as if 
it was performed using different strains. Subsequent deposition of the results at 
the available databases constitutes a great tool for many laboratories in order to 
gain better understanding of S. cerevisiae gene sets and foreign genes used in 
the heterologous assays. 
 
1.4.4. D. melanogaster as a model organism  
More than 100 years ago, William Castle (Castle, 1906) and Thomas Hunt 
Morgan (Morgan, 1910) introduced D. melanogaster as a model system. The use 
of D. melanogaster flies has many advantages (summarised in Table 1-6), 
therefore they are commonly utilised to interrogate the basics of biological and 
genetic phenomena. They are small, hence they do not require much storage 
space, they feed on simple and cheap yeast-cornmeal-molasses medium, and 
they have short generation time of ~10 days at 25°C (which can be extended at 
18°C or 12°C). Once fertilized, the egg hatches to a first instar larva. Larvae 
undergo three molts before becoming pupa (called pupariation) before fully 
developing into an adult (eclosion). Adult flies exhibit sexual dimorphism, 
therefore males and females are easily distinguished by e.g. the size of their body 
(males are smaller), the presence of sex combs on forelegs and round abdomen 
with dark sexual organs in males. Female virgins can be distinguished by so 
called meconium in its abdomen, which is visible for the first 8-10 h after eclosion. 
In addition, they have a swollen front head and abdomen. Females exhibit high 
rates of fecundity as a single female can lay up to 100 eggs a day. Fly karyotype 
consists of only four pairs of chromosomes, three autosomes and one sex 
chromosomes. D. melanogaster has a very well characterised biology, and fully 
sequenced and annotated genome with predicted ~13,600 protein-encoding 
genes (Adams, 2000). Moreover, an extensive set of genetic tools has been 
developed, such as transgenic expression (either constitutive or inducible), 
transposon-mediated insertions and knock-down mutants (section 1.4.4.1), the 
GAL4/UAS system (section 1.4.4.2), balancer chromosomes (section 1.4.4.3), 
generation of deletions, application of RNAi or utilisation of recombinases and 
nucleases (Greenspan, 2004; Adams and Sekelsky, 2002; Roote and Prokop, 
2013; Rubin and Spradling, 1982; Russell et al., 2003). D. melanogaster is also 
commonly employed to study host-pathogen interactions of bacteria (Nehme et 
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al., 2007), fungi (Alarco et al., 2004) and viruses (Fullaondo and Lee, 2012). 
Moreover, the conservation in the number of gene sequences, gene functions 
and various biological pathways between flies and humans, makes 
D. melanogaster an applicable model to study humans at the molecular level and 
in the development of novel drug targets for human diseases (Bier, 2005). Around 
50% of D. melanogaster genes have homologs in mammals (Bernards and 
Hariharan, 2001) and 75% of genes associated with diseases in humans have 
counterparts in flies (Reiter at al., 2001). The latter can be found at the Homophila 
database (Chien et al., 2002; http://superfly.ucsd.edu/homophila/). Drosophila is 
good model to study in particular genes involved in cancer, neurological and 
some renal disease, malformation syndromes and genes involved in metabolism 
(Fortini et al., 2000), and hence an extensive research in fields of e.g. 
Huntington’s disease (Weiss et al., 2012), Parkinson’s disease (Shaltiel-Karyo et 
al., 2012) or Alzheimer`s disease (Chakraborty et al., 2011), lipid metabolism (Liu 
and Huang, 2013) or metabolic syndrome (Owusu-Ansah and Perrimon, 2014). 
For example, expression studies in D. melanogaster of human amyloid β 
peptides: Aβ40 and Aβ42, the causative agents of Alzheimer`s disease, showed 
that both Aβ40 and Aβ42 in the fly brains cause learning malfunctions and Aβ42 
expression caused deposition of amyloid deposits, neurodegeneration, 
diminished locomotor functions and shorter life spam (Iijima et al., 2004). 
Hoverer, D. melanogaster genome may lack enough homology in order to 
accurately study genes involved in endocrine, immunology or haematological 
disorders (Fortini et al., 2000). Nevertheless, it is favoured over higher animals 
(including humans) as a model in large scale genetic and chemical screens due 
to time, cost, legal and ethical issues.  
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Table 1-6. The characteristics of D. melanogaster as a model organism.  
Trait Characteristics Advantages 
Generation time  
Develops fully within ~2 weeks at 25°C; it 
takes twice as long at 18°C and over 50 
days at 12°C; life span 2-3 months 
Allows quick and easy 
experiments on a large 
scale; large number of 
generations can be studied 
at the same time and within 
short time 
Size Small ~2.5-3 mm  Require little space  
Sexual 
dimorphism  
Males differ from females;  
Females: bigger than males, no sex 
combs; abdomen with clear seven 
segments and pointy tip (ovipositor) 
Males: smaller than females, sex combs 
on tarsus of the  fore legs, posterior part of 
the abdomen is dark and rounded with five 
segments (the last few are fused), 
claspers surrounding the reproducing 
organs; 
Facilitates mating, 
morphological, behavioural  
and genetic studies 
 
Chromosomes 
- Four: three autosomes, one sex 
chromosome 
- Presence of polytene (giant) 
chromosomes  
- Less than human or yeast 
- Polytene chromosomes 
can be examined using a 
standard light microscope, 
occur in salivary glands. 
Meiotic 
recombination  
Only in females Facilitates genetic studies 
Markers 
A range of markers affecting e.g. eyes, 
body, bristles are available, for example: 
CyO – curly of oster; curly winds 
Sb – stubble; short bristles 
Tb – tubby; squat larvae and pupae 
 w – white; white eyes 
Facilitate differentiation of 
strains by the phenotype 
Genetic 
manipulations 
Plethora of resources, for example: 
- transposon-mediated insertions and 
knock-down mutants,  
- transgenic expression (constitutive or 
inducible), 
- generation of deletions, 
- gene-targeted mutations 
- application of RNAi,  
- utilisation of recombinases and 
nucleases 
- balancer chromosomes 
- Facilitate genetic studies; 
- Fast and inexpensive (3 
months, ~500 US dollars 
per transgene); 
- Expression can be 
controlled;  
- Balancer chromosomes 
allow to maintain 
transgenes without 
genotyping; 
 
Based on: “Fly pushing” by Greenspan (2004). 
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1.4.4.1. P-element mediated transgenesis  
Utilisation of a transposable element (TE), the P-element, to create transgenic 
flies revolutionised Drosophila research field (Cooley et al., 1988; Rubin and 
Spradling, 1982; Spradling and Rubin, 1982). P-elements are specific to 
D. melanogaster and a wild type versions are 2.9 kb in size (O’Hare and Rubin, 
1983). They contain a transposase gene consisting of four exons and inverse 
terminal repeats occurring at both 5` and 3 ` ends, which are important for 
transposition mediated by the transposase (Russell and Ryder, 2003). Germline 
transformations were developed utilising P-element`s properties, such as the 
presence of transposase and their ability to move randomly within the genome. 
One method of delivering a foreign gene into a fly chromosome for e.g. 
misexpression (ectopic expression in an abnormal place) study is cloning the 
gene into a vector with an intact P-element terminal repeats but which does not 
have the transposase gene. It is subsequently injected into an embryo in early, 
syncytial stages of emryogenesis, which contain a plasmid called “the helper” that 
has the transposase gene but not P element terminal repeats. The P-element 
inserts itself into the DNA and this is mediated by the transposase, whereas the 
transposase plasmid does not insert into the genome and is eventually lost. 
P- elements contain markers allowing identification of transgenes, such as white 
gene that affects eye colour and gives the eye an orange/red colour which 
confirms the insert being inserted (Fig. 1-6) (Russell and Ryder, 2003).  
The white gene was discovered by Morgan in 1910 and encodes a member 
triphosphate (ATP)-binding cassette (ABC) family of transmembrane transporter 
proteins which transports amino acids guanine and tryptophan, precursors of the 
red and brown eye pigments (Mackenzie et al., 1999; Anaka et al., 2008). It is 
predominantly associated with changes in the eye colour, hence its function as a 
genetic marker. Interestingly however, white gene overexpression in males 
causes homosexualism  and decreases their ability to learn (Anaka et al., 2008; 
Zhang and Odenwald, 1995) suggesting more than one function of this gene. 
P- element mediated transformation can be combined with the components of the 
Gateway system and a range of UAS P-element Gateway destination vectors for 
D. melanogaster has been created (T. Murphy; 
https://emb.carnegiescience.edu/labs/murphy/Gateway%20vectors. html; 
https:// dgrc.cgb.indiana.edu/vectors/Catalog). P-elements have also been used 
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in generation of D. melanogaster single gene disruption library, yielding a wide 
range of mutants (Spradling et al., 1999; Bellen et al., 2004). 
 
 
 
Fig. 1-6. Transgenesis of D. melanogaster using P-element. Generation zero 
D. melanogaster embryos (G0) derived from a parental (P) generation (not older 
than 1 hour) are used to inject the white+ transgene DNA (red) at the posterior 
end of the embryo with pole cells (black). The transgenic DNA has to be 
incorporated into those cell (red) in order to be transmitted to the next generation. 
Transgenes can be identified by the red eye colour. Re-drawn from Venken and 
Bellen (2007). 
 
1.4.4.2. GAL4/UAS system 
P-element mediated manipulations are commonly combined with a binary 
GAL4/UAS system in order to be able to manipulate gene expression. The 
GAL4/UAS is derived from yeast S. cerevisiae and consists of two components: 
the Gal4 transcription factor with a DNA binding domain and the Upstream 
Activating Sequence (UAS) promoter, a binding site for Gal4 (Duffy 2002; St 
Johnston, 2002). GAL4 normally does not exist in D. melanogaster, therefore its 
presence has no effect on the fly (Duffy, 2002), and in flies, Gal4 behaves the 
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same as in yeast (Fischer et al., 1988), hence utilisation of the GAL4/UAS system 
in D. melanogaster (Brand and Perrimon, 1993) (Fig. 1-7). GAL4 is usually linked 
to an endogenous fly promoter, carried by one fly line, whereas the second line 
carries transgene which can be linked with a reporter gene such as GFP (Chalfie 
et al., 1994; Duffy, 2002). Expression of a gene of interest (GOI) will occur only 
by mating both lines and introducing both elements into the same line. Expressed 
this way Gal4 protein binds to the UAS region and drives expression of GOI, while 
GFP allows monitoring the expression.  
 
 
 
 
 
Fig. 1-7. The GAL4/UAS system in D. melanogaster. The bipartite GAL4/UAS 
system is based on yeast transcriptional activator Gal4, encoded by GAL4, which 
binds to the Upstream Activating Sequence (UAS) located in close vicinity to a 
gene of interest (GOI) (A). Expression of the GOI is possible only by mating both 
lines and introducing the two components into one line (B). Expression is 
dependent on the GAL4 which is inserted randomly in the fly genome and can 
display tissue specificity. Adapted from St Johnston (2002), and Phelps and 
Brand (1998). 
 
 
A 
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All information about D. melanogaster, such as mutant phenotypes, anatomical 
and molecular data, cytological maps, stock availability expression patterns or 
transgenic constructs are well catalogued and are available from e.g. a Database 
of Drosophila Genes and Genomes (Tweedie et al., 2009; www.flybase.org) and 
from the Berkeley Drosophila Genome Project BDGP (www.fruitfly.org), whereas 
a wide range of more than 50,000 mutants, including single loss-of-function 
mutants representing ~53% of the entire Drosophila genome, P-element libraries, 
RNAi and GAL4 lines expressing different cell- or tissue specific patterns 
(Thibault et al., 2004; Bellen et al., 2004) are available from e.g.  Bloomington 
Stock Centre at Indiana University (www.flystocks.bio.indiana.edu), the biggest 
provider of fly transgenes.  
 
 
1.4.4.3. Balancer chromosomes  
Balancer chromosomes are specially designed lines with chromosomes carrying 
multiple inversions which do not allow recombination (crossing over) process in 
flies to take place. They are useful in order to maintain lethal or sterile alleles in 
a heterozygous state and the presence of additional recessive lethal mutation 
such as CyO does not allow homozygotes to survive (Greenspan, 2004). 
Moreover, balancer chromosomes often carry dominant genetic marker such as 
GFP (Chalfie et al., 1994), allowing phenotypic recognition.  
 
 
1.4.5. The Gateway™ Technology  
The Gateway system is a novel cloning method commonly utilised in e.g. 
generation of ORFeome libraries in high-throughput manner (Dricot et al., 2004; 
Lamesch et al. 2004; Maier et al., 2012; Matsuyama et al., 2006; Rajagopala et 
al., 2010; Reboul et al. 2003; Rual et al., 2004b; Singh et al., 2014; Yu et al., 
2014) and it is commercially available from Life Technologies (formerly 
Invitrogen). As opposed to conventional cloning methods, there is no need to use 
restriction enzymes, what makes this technique fast and easy. The process 
utilises the site-specific recombination system based on bacteriophage lambda λ 
(Landy and Ross, 1977). This means that the recombination process occurs only 
at specific sequences, called att sites, therefore the gene of interest (GOI) to be 
cloned has to have the corresponding att recombination sites. These are usually 
added on both sites of ORF via PCR reaction and are recognised by specialized 
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enzymes which catalyze the recombination process (see Fig. 2-1). The presence 
of the lethal ccdB gene (“death” gene) and drug-resistance markers in Gateway 
vectors allows for the selection of only true recombinant clones. The ccdB gene 
is derived from the E. coli F plasmid and its product inhibits essential Escherichia 
coli DNA gyrase (Bernard and Couturier, 1992), hence only recombinant product, 
with ccdB gene replaced by the gene of interest, will yield viable bacterial 
colonies.  
There are two steps of transferring the DNA fragment of interest into a destination 
vector, the BP and LR Clonase reactions (see Materials and Methods, section 
2.2.9.1 and section 2.2.9.2), and the recombination takes place with high 
efficiency and in correct frame. Once the gene of interest is in pDONR vector 
(thus generating pENTRY vector; see Fig. 2-1), it can be easily transferred into 
any destination vector (pDEST) that contains compatible attR recombination 
sites. A wide range of destination vectors have been developed by the Lindquist 
laboratory which enables GOI to be tagged with a variety of fluorescent and 
affinity tags, at the C or N- terminus, to be expressed under constitutive or 
inducible promoter, and from either a high or low copy plasmid (Alberti et al., 
2007), and they are available from Addgene (www.addgene.org). The Lindsquist 
collection has revolutionised S. cerevisiae research and enabled generation of 
vast numbers of libraries which can be established in a short period of time, with 
high efficiency, and can be subsequently utilised in highthroughpout screening, 
yielding vast amounts of data about the organism. 
The Gateway cloning system is a powerful method enabling fast cloning of any 
gene into pDONR vector and subsequently into any destination vector containing 
a feature of interest (e.g. protein tags, promoter) maintaining correct orientation 
of the gene of interest. The system has been further developed and is currently 
available not only for S. cerevisiae, but also organisms such as D. melanogaster. 
Due to its versatility, the Gateway cloning system will be utilised in this study to 
generate the first microsporidian ORFeome in order to investigate N. ceranae 
proteins. 
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1.5. Conclusion  
Microsporidia infect a variety of economically important organisms, including 
humans. Since 2006, beekeepers` milieu has been alarmed by sudden decline in 
honey bee colony numbers and this phenomenon, called Colony Collapse 
Disorder (CCD), has been linked with a microsporidian N. ceranae. There has 
been an increase incident of infection by this parasite and recent studies suggest 
that N. ceranae has switched from its original host the Asiatic/Eastern honey bee 
(A. cerana) to the European/Western honey bee (A. mellifera) within the last 1-2 
decades. It has also been postulated that N. ceranae infection rates have 
overtaken that of the other major honey bee pathogen, N. apis, which could 
contribute to gradual replacement of N. apis. Both species are obligate 
intracellular parasites infecting the bee gut wall and they rely on metabolites and 
proteins supplied by the host. As a result, microsporidian genomes are highly 
reduced (7.86 Mb in N. ceranae) and have lost many components of some major 
metabolic pathways. In spite of the reduced number of genes (2678), N. ceranae 
has retained ORFs with signal peptides, hypothesised to be destined for secretion 
into the host and the availability of the N. ceranae genome (Cornman et al., 2009) 
allows further investigation of potential roles for those genes. Due to limitation of 
the molecular tools to genetically manipulate microsporidia, heterologous 
systems, such as yeast S. cerevisiae and a fruit fly, D. melanogaster, and the 
molecular tools available for their manipulation will be utilised in this study in order 
to characterise the N. ceranae secretome. 
 
1.6. Aims and Objectives of the study 
The principal aim of this study was to characterise proteins of the intracellular 
parasite N. ceranae, which are predicted to be secreted extracellularly, by utilising 
two heterologous model organisms, S. cerevisiae and D. melanogaster. Firstly, a 
library of S. cerevisiae strains expressing N. ceranae effectors will be generated 
using the Gateway technology. Such library will be subsequently used in a 
number of phenotypic and localisation assays, which will be designed by applying 
a wide range of molecular biology techniques. N. ceranae effector candidates, 
that are hypothesised to play an important role in parasites` infection process and 
its survival, will be further characterised by the yeast assays combined with the 
fluorescence microscopy, in order to help elucidate their function. Finally, a 
Chapter 1: Introduction 
 
65 | P a g e  
 
D. melanogaster line expressing a N. ceranae effector candidate will be 
generated and subjected to analysis by fluorescence microscopy.  
This study will initiate characterisation of the N. ceranae secretome and 
generation of a N. ceranae library will constitute an important molecular tool for 
the research community enabling functional exploitation of genes of this 
important microsporidian. 
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Chapter 2  
 
General Materials and Methods 
 
2.1. BIOINFORMATICS ANALYSIS 
SignalP 3.0 (Nielsen et al., 1997; http://www.cbs.dtu.dk/services/SignalP-3.0/), 
SignalP 4.0 (Bendtsen et al., 2004; http://www.cbs.dtu.dk/services/SignalP/), with 
the default parameter for eukaryotes, and TargeP 1.1 (Emanuelsson et al., 2000; 
www.cbs.dtu.dk/services/TargetP/) were used to identify signal peptides in 
N. ceranae amino acid sequences. Protein basic local alignment search tool 
(BlastP) (Altschup et al., 1990; available at the National Center for Biotechnology 
Information NCBI; http://www.ncbi.nlm.nih.gov/) or and DELTA-BLAST (Boratyn 
et al., 2012) were used to search for protein homologs. Conserved domains were 
explored with Prosite (available at Swiss Institute of Bioinformatics SIB; 
http://prosite.expasy.org/prosite.html) and Pfam (Finn et al., 2014; available at 
the European Bioinformatics Institute EMBL-EBI http://pfam.xfam.org/). In all 
BlastP, Prosite and Pfam searches, candidates showing the highest similarity 
were chosen only if E-value was < 1e-5. Protein localisation was determined with 
WoLF PSORT: protein localizator predictor (Horton et al., 2007; 
http://www.genscript.com/psort/wolf_psort.html) with the default parameter for 
Fungi. Transmembrane domains were identified with TMHMM server 2.0 (Krogh 
et al., 2001; www.cbs.dtu.dk/services/TMHMM/). O-glycosylation sites were 
predicted with NetOGlyc 4.0 server (http://www.cbs.dtu.dk/services/NetOGlyc/), 
N-glycosylation sites were predicted with NetNGlyc 1.0 
(http://www.cbs.dtu.dk/services/NetNGlyc/), while phosphorylation sites were 
predicted with NetPhos 2.0 server (http://www.cbs.dtu.dk/services/NetPhos/). 
ClustlaW2 tool (available at the European Bioinformatics Institute EMBL-EBI; 
http://www.ebi.ac.uk/Tools/msa/clustalw2/) or Constraint-based Multiple 
Alignment Tool Cobalt (available at NCBI) were used to align amino acid 
sequences. Three dimensional structure of the proteins was obtained with Phyre2 
– the Protein Homology/analogY Recognition Engine v 2.0 (Kelley and Sternberg, 
2009; http://www.sbg.bio.ic.ac.uk/phyre2/). SeqNLS tool (Lin and Hu, 2013) was 
used to identify putative nuclear localisation signals (NLS). Molecular weight of 
                                                                                                        Chapter 2: General Materials and Methods 
 
67 | P a g e  
 
the proteins was calculated with Compute pI/Mw tool (available at ExPASY; 
http://web.expasy.org/compute_pi/). big-PI Predictor was used to identify 
potential GPI-modification sites (http://mendel.imp.ac.at/sat/gpi/gpi_server.html; 
Eisenhaber et al., 1999). 
 
2.2. YEAST and BACTERIA MANIPULATIONS 
 
2.2.1. Media and strains growth  
All chemicals and kits were purchased from Sigma-Aldrich, Invitrogen (now Life 
Technologies) or Formedium, unless otherwise stated. Solutions were either 
autoclaved using a standard autoclave cycle filter or sterilised using a 2 µm or 
4.5 µm syringe filters (VWR). 
Yeast strains were grown in rich YEPD (1% (w/v) yeast extract, 2% (w/v) 
bactopeptone, 2% (w/v) glucose) or CSM (0.67% (w/v) yeast nitrogen base 
without amino acids, 2% (w/v) glucose or other appropriate sugar and appropriate 
drop-out amino acid mixture as per manufacturer’s directions) at 30°C.  
Bacterial strains were grown in Luria broth (LB) at 37°C. Antibiotics, kanamycin 
or ampicillin, were used at the final concentration of 100 ug/ml or 200 ug/ml 
respectively.  
Solid media were obtained by adding 2% (w/v) agar. 
Bacterial and yeast cultures were grown in 5ml cultures at 37°C and 30°C, 
respectively, at 180 rpm. For high throughput screens, strains were grown in 
200 µl of CSM or selective medium in a 96-well plate. 
 
 
2.2.2. Plasmids 
Table 2-1 lists Gateway® plasmids used to generate pENTRY and pDEST 
vectors, while Table IV-1 (Appendix IV) lists all plasmids generated throughout 
this study. Structures of the vectors are included in Appendix V (Fig.V-1 to 
Fig. V- 6). 
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Table 2-1. Gateway® plasmids used to generate pENTRY and pDEST 
vectors. 
 
 
 
 
 
 
 
 
Plasmid Description Source 
pDONR221 Gateway® entry vector 
Life 
Technologies 
(formerly 
Invitrogen) 
pAG423GPD-ccdB-EGFP 
Yeast high copy Gateway® destination 
vector;  
promoter: constitutive  GPD;  
selectable markers: his3, ampR; 
tag: C terminal EGFP 
Addgene 
pAG426GPD-ccdb 
Yeast high copy Gateway® destination 
vector;  
promoter: constitutive  GPD;  
selectable markers: ura3, ampR;  
tag: no tag 
Addgene 
pAG423GPD-EGFP-ccdB 
Yeast high copy Gateway® destination 
vector;   
promoter: constitutive  GPD;  
selectable markers:  his3, ampR;  
tag: N terminal EGFP 
Addgene 
pAG426GPD-ccdB-DsRED 
Yeast high copy Gateway® destination 
vector; promoter: constitutive  GPD;  
selectable markers: ura3, ampR;  
tag: C terminal DsRED 
Addgene 
 
 
pPGW 
D. melanogaster Gateway® destination 
vector; 
promoter: UASp 
selectable markers:  ampR, CamR 
tag: N terminal EGFP 
Addgene 
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2.2.3. Primers 
Primers used in this study are listed in Table 2-2, Table 2-3 and Table III-1 
(Appendix III). Table 2-2 lists General Gateway® primers, whereas Table 2-3 lists 
Nosema species specific primers used to differentiate DNA between N. ceranae 
and N. apis species. Table III-1 lists ORF-specific primers used to amplify 
N. ceranae genes and in order to subsequently generate pENTRY vectors. All 
primers were synthesised by Sigma-Aldrich. 
 
 
Table 2-2. General Gateway® primers used in this study. 
Oligonucleotide 
Name 
Sequence 5' to 3'  
M13 For GTA AAA CGA CGG CCA G 
M13 Rev CAG GAA ACA GCT ATG AC 
ATTP For GGG ACA AGT TTG TAC AAA AAA GCA GGC TTC  
ATTP Rev GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC 
pAG423 For TTC TAG AAC TAG TGG ATC CC 
pAG423 Rev ACT TTG TAC AAG AAA GCT GA 
 
 
Table 2-3. Nosema specific primers used to differentiate between 
N. ceranae and N. apis species. 
 
Ref. 
 
Oligonucleotide 
name 
 
 
Sequence from 5` to 3` 
 
 
Specificity 
PCR 
product 
size (bp) 
Chen et al. 
(2008) 
N. ceranae F  
N. ceranae R  
CGGATAAAAGAGTCCGTTACC 
TGAGCAGGGTTCTAGGGAT 
N. ceranae 250 
N. apis F  
N. apis R  
CCATTGCCGGATAAGAGAGT 
CACGCATTGCTGCATCATTGAC 
N. apis 401 
Martin-
Hernandez 
et al. (2007) 
218MITOC-FOR  
218MITOC-REV  
CGGCGACGATGTGATATGAAAATATTAA 
CCCGGTCATTCTCAAACAAAAAACCG 
N. ceranae 218-219 
321APIS-FOR  
321APIS-REV  
GGGGGCATGTCTTTGACGTACTATGTA 
GGGGGGCGTTTAAAATGTGAAACAACT
CTG 
N. apis 321 
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2.2.4. Strains 
 
2.2.4.1. Bacterial strains 
Bacterial strains used in all cloning procedures and propagation of vectors are 
listed in Table 2-4. 
 
 
Table 2-4. Bacterial strains used in this study. 
 
 
2.2.4.2. Yeast strains 
Yeast strains are listed in Table 2-5 and Table VI-1 (Appendix VI). Table 2-5 lists 
parental strains used in transformation procedures or as controls, and all 
generated strains are listed in Table VI-1. 
 
 
 
 
 
 
 
 
Strain Genotype                             Use Source 
 
DH5α Φ80lacZΔM15 Δ(lacZYA-argF) 
U169 recA1 endA1 hsdR17 (rK–, 
mK+) phoA supE44 λ– thi-1 gyrA96 relA 
cloning 
procedures 
Life 
Technologies 
(formerly 
Invitrogen) 
 
TOP10 
mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15 ΔlacX74 recA1 araD139 
Δ(ara leu) 7697 galU galK rpsL 
(StrR) endA1 nupG 
cloning 
procedures 
Life 
Technologies 
(formerly 
Invitrogen) 
 
One Shot® 
ccdB 
Survival™ 
F-mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15 ΔlacX74 recA1 araΔ139 
Δ(ara-leu)7697galU galK rpsL 
(StrR) endA1 nupG fhuA::IS2 
propagation 
of 
pDONR221 
and pDEST 
vectors 
Life 
Technologies 
(formerly 
Invitrogen) 
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Table 2-5. Yeast strains used in this study to generate others. Sc – 
Saccharomyces cerevisiae 
Strain Description Genotype Source 
Sc BY4741 
Derived from 
S. cerevisiae S288C 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0 
Open Biosystems  
Sc W303-1A 
Parental for  
YSH7.4-3C 
MATa  leu2-3, 112 ura3-1 
trp1-1 his3-11, 15 ade2-1 
can1-100,  GAL SUC2 
A gift from the 
Thevelein`s lab 
(Thomas and 
Rothstein, 1989) 
Sc YSH7.4-3C 
(ΔΔΔ) 
Derived from 
S. cerevisiae  
W303-1A 
MATa  leu2-3/112 ura3-1 
trp1-1 his3-11 / 15 ade2-1 
can1-100,  GAL SUC2 
hxk1Δ::HIS3 hxk2Δ::LEU2 
glkΔ::LEU2  
A gift from the 
Thevelein`s lab 
(De Winde et al., 
1996) 
Sc Hxk1-GFP 
Yeast GFP Library; 
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
GFP 
Life Technologies 
(formerly Invitrogen) 
Sc Hxk2-GFP 
Yeast GFP Library; 
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
GFP 
Life Technologies 
(formerly Invitrogen) 
Sc Glk1-GFP 
Yeast GFP Library; 
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
GFP 
Life Technologies 
(formerly Invitrogen) 
Sc Trx3-GFP 
Yeast GFP Library; 
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
GFP 
Life Technologies 
(formerly Invitrogen) 
Sc Δtrx2 
YKO Library;  
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, KanMX 
Thermo Scientific 
 
 
2.2.5. Nosema spores purification  
Bee samples were collected at the DBKA Nosema survey in Plympton, Devon 
(April 2011) or obtained from the Exeter University hives. The spores were 
purified using 100 and/or 20 µm mesh together with Percoll (pH 8.5-9.5; Sigma-
Aldrich) gradient as described by Chen et al. (2009a) with small modifications. 
Whole bees were macerated in a sterile mortar with distilled water (1 ml of water 
per 1 bee). The liquid was then filtered, transferred onto a Percoll gradient and 
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centrifuged at 5000 rpm for 45-60 min. The supernatant was discarded, the spore 
pellet washed with 1 x PBS (137 mM NaCl, 2.7 mM KCl, Na2HPO4, 1.8 mM 
KH2PO4) until clean and stored at 4°C. 
 
 
2.2.6. Genomic DNA extraction 
A sample of DNA specific to Nosema ceranae was provided by Michelle Powell 
from The Food and Environment Research Agency, York, UK. 
More Nosema DNA was extracted using phenol-chloroform method (Sambrook 
and Russell, 2001) with minor modifications. A spore sample was centrifuged at 
3500 x g for 5 min and the supernatant discarded. The pellet was resuspended 
in 400 µl TE (10 mM Tris-HCl pH 8, 1 mM EDTA, pH 7.5), 10 µl 10% SDS, 2 µl 
RNAase A (10 mg/ml), 400 µl 0.17-0.18 mmØ glass beads and was disrupted 
using a Fast-Prep® (MP Biomedicals) 4 times, 20 secs at 2000 rpm. Once 
disrupted, 800 µl of phenol (pH 8.0) was added to the solution, mixed gently by 
inversion and centrifuged at 10,000 x g for 20 mins. The supernatant was mixed 
with 400 µl of chloroform, centrifuged at 10,000 x g for 10 mins and again the 
supernatant was recovered. Ethanol precipitation was performed by adding 1/10 
volume of 3M sodium acetate (pH 5.2) and 2 volumes of ice cold 100% ethanol. 
The sample was kept on ice or -20°C for at least 30 mins and centrifuged at 4°C 
for 30 mins, 4 000 rpm. The supernatant was discarded, 1 ml of ice cold 70% 
ethanol was added to the pellet and again centrifuged at 4,000 rpm for 5 mins. 
The pellet was allowed to air dry, re-suspended in 20 µl dH2O and stored at 4°C. 
 
 
2.2.7. Polymerase chain reaction (PCR) 
General PCR check was conducted in a total volume of 25 µl containing: 5 µl of 
5X PCR buffer (Promega), 0.5 µl of each reverse and forward primer (100 µM), 
0.25 µl (1 unit) GoTaq® DNA Polymerase (Promega), 2.5 µl of 2 mM DNTPs, 3 µl 
of 25 mM MgCl2, 13.375 µl of sterile water and 1 µl of plasmid DNA (or a single 
bacterial colony). PCR cycle was performed according to Promega instructions. 
Microsporidian genomic DNA was checked with Nosema specific primers 
according to conditions used by Chen et al. (2008) and Martín-Hernández et al. 
(2007). Primers used are listed in Table 2-3. 
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In order to create pENTRY vectors, amplification of N. ceranae genes were 
performed in two steps using high fidelity polymerases: Bio-X-Act™ Short DNA 
Polymerase (Bioline), Phusion® High-Fidelity DNA Polymerase (Thermo 
Scientific) or Platinum® Taq DNA Polymerase (Life Technologies) according to 
manufacturer’s instructions. In the first step, N. ceranae ORF specific primers 
(Table III-1 in Appendix III) were used to amplify genes from genomic DNA. 
Primers were designed as follows: forward primer of 
5`- ACAAAAAAGCAGGCTTCATG-3` followed by 27 bp specific to each 
N. ceranae ORF, while reverse primers were constructed by adding the 
nucleotide 5`-ACAAGAAAGCTGGGTC-3` followed by 30 bp specific to each 
N. ceranae ORF not including STOP codon. A second PCR was conducted using 
ATTP forward and reverse primers (Table 2-2) and 2 µl of product from the first 
step. PCR cycles were performed according to manufacturer`s instructions and 
the products were used in BP Clonase reaction or stored at -20°C. 
 
 
 
Fig. 2-1. Overview of the construction of the N. ceranae ORFeome. Extracted 
genomic DNA was used in a two-step PCR amplification of N. ceranae genes 
which were cloned into pDONR221 vector via BP Clonase reaction to create a 
library of pENTRY clones.  
DNA template taken from http://www.astrochem.org/sci/Nucleobases.php; pDONR221 taken 
from www.invitrogen.com 
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2.2.8. Gel electrophoresis 
In order to confirm the correct size, all PCR products were checked on 1% 
agarose gel consisting of 1% (w/v) agarose in TAE buffer (4.84 g/L Tris base, 
1.14 ml/L glacial acetic acid, 0.37 g/L EDTA) and 0.4 µg/ml of EtBr. A DNA ladder 
(100 bp or 1 kb, New England Biolabs) was used in parallel. The samples were 
run at 80 V for approx. 40 min and G:BOX (Syngene) was used for gel 
visualisation. 
 
 
2.2.9. Plasmid constructs  
Plasmids used to generate pENTRY and pDEST vectors were purchased from 
Life Technologies and Addgene, and are listed in Table 2-1. Propagation of the 
Gateway vectors was carried out in ccdB-resistant E.coli cells (One Shot® ccdB 
Survival™ from Life Technologies). 
 
 
2.2.9.1. BP Clonase® reaction – creating pENTRY vectors 
The Gateway-compatible N. ceranae PCR amplicons with added attp sites on 
both sites (refer to section 2.2.7) were cloned into pDONR221 vector (Life 
Technologies) via BP clonase reaction by using BP Clonase® II Enzyme Mix (Life 
Technologies) which contains Int (Integrase) and IHF (Integration Host Factor). 
The mixture, prepared according to manufacturer`s directions, was incubated at 
25°C for 2 h or overnight in a thermocycle machine and was directly transformed 
into chemically competent TOP10 or DH5α E. coli cells, or stored at -20°C for 
future use. Transformed cells were plated on LB kanamycin plates and colonies 
screened with M13 primers (Table 2-2) for positive transformants. 
 
 
2.2.9.2. LR Clonase® reaction  
pENTRY vectors with a gene of interest were recombined with pDEST vector via 
LR Clonase reaction by using LR Clonase® II Enzyme Mix (Life Technologies) 
which contains Int (Integrase), IHF (Integration Host Factor) and Xis 
(Excisionase). The set-up for LR Clonase Reaction was as a manufacturer`s 
instruction (Life Technologies). Again, the mixture was directly transformed into 
chemically competent TOP10 or DH5α E. coli cells, or stored at -20°C for future 
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use. Transformed cells were plated on LB ampicillin plates and colonies screened 
with pAG423 primers (Table 2-2) for positive transformants.  
Due to high cost of the reactants and a large number of genes to be cloned in, 
half the recommended volumes were used in BP and LR Clonase reactions. No 
detrimental effects on the recombination process were noticed.  
 
 
2.2.10. Plasmid purification  
Miniprep: A single colony was inoculated into 5 ml LB with an appropriate 
antibiotic and grown for up to 16 h at 37°C, 180 rpm. Plasmid purification was 
performed according to manufacturer’s instructions (Sigma-Aldrich). 
Maxiprep: A single colony was inoculated into 5 ml LB with an appropriate 
antibiotic and grown for 8 h at 37°C, 180 rpm. The starting culture was then 
diluted in 150 ml of fresh medium and grown for another 12-16 h at 37°C, 
180 rpm. Plasmid purification was performed according to manufacturer’s 
instructions (Sigma-Aldrich).  
Plasmids were resuspended in TE buffer (10 mM Tris pH=8, 1 mM EDTA pH=8) 
and kept at 4°C or -20°C for a long term storage. DNA content was checked using 
a Nanodrop 1000 (Thermo Scientific). 
 
 
2.2.11. E. coli competent cells  
E. coli from the frozen stock were streaked onto LB agar plate and incubated 
overnight at 37°C. A single colony was incubated into 5 ml of LB. The next day 
1/20 of the liquid culture was re-inoculated into 100 ml of LB in 0.5 L flask and 
grown until OD595 reached 0.4-0.5. The culture was sub-divided into 50 ml Falcon 
tubes, chilled on ice for 5 min and centrifuged for 5 min at 3500 rpm, at 4°C. The 
supernatant was discarded and the pellet re-suspended in 40 ml ice-cold TfbI 
buffer (30 mM potassium acetate, 100 mM KCl, 10 mM CaCl2 H2O, 50 mM 
MnCl2 ∙4H2O, 15% (v/v) glycerol, pH 5.8 – adjusted with 0.2M acetic acid) and 
kept on ice for 5 min. The mixture was then again centrifuged for 5 min at 
3500 rpm, at 4°C. The supernatant was discarded and the cells were re-
suspended in 4 ml ice-cold TfbII (10 mM MOPs or PIPES, 75 mM CaCl2, 10 mM 
KCl, 15% (v/v) glycerol, pH 6.5 – adjusted with 3 M KOH). The mix was chilled 
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on ice for 15 min, dispensed into 50 µl aliquots, snap-frozen in liquid nitrogen and 
stored at -80°C for later use. 
 
2.2.12. E. coli transformation 
Bacterial transformation was performed by adding 1 µl of plasmid to 50 µl of 
chemically competent E. coli and the mixture was kept on ice for 30 mins. Heat 
shocking was performed in a water bath at 42°C for 30-45 sec. Cell were 
immediately transferred into ice and incubated for 5 min before adding 150 µl of 
LB and being incubated for 45 min at 37°C, 180 rpm. Cells were harvested at 
2800 rpm for 2 min and plated on LB agar plates supplemented with an 
appropriate antibiotic. 
 
 
2.2.13. Yeast transformation 
A single yeast colony was inoculated in 5 ml YEPD, grown overnight at 30°C, 
180 rpm, and 1 ml form an overnight culture was re-inoculated into 50 ml fresh 
YEPD. The culture was grown until OD595 reached 0.5-0.7, centrifuged and the 
cells were washed twice with 100 mM LiAc. The cell suspension (50 µl) was 
added to 500 µl of PEG solution (40 % (w/v) PEG3500, 100 mM LiAc, 10 mM 
Tris-HCl pH=7.5), together with 5 µl dsDNA carrier (herring or salmon sperm 
DNA, 10 mg/ml) and 1 µl of plasmid DNA. The mixture was incubated at 30°C, 
180 rpm for 1-3 h and then heat-shocked at 42°C for 15 min. The cells were 
centrifuged for 5 min, 3000 rpm and plated onto the appropriate agar plates. 
 
 
2.2.14. Yeast growth assays 
For high-throughput screening, a single colony was inoculated into 200 µl of 
selective medium in a 96-well plate and strains were grown for 18-24 h. The 
OD595 was measured using an iMark™ Microplate Reader (BioRad) and each 
well was diluted in sterile water to OD595=0.2 in a new plate. Strains were pinned 
in quadruplets in a square formation (see Fig. 2-2) onto YNB -his medium with or 
without included chemical (Table 3-1) using a ROTOR HDA robot (Singer 
Instruments) and incubated at 30°C for 3-5 days. Four biological replicates were 
used per strain. 
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For a dotty assay, strains were grown in 5 ml of selective medium for 16-18 h 
phase and the OD595 was measured using a Jenway 7305 spectrophotometer. 
Cells were diluted in sterile water to OD595=0.1 and 10-fold serial dilutions were 
performed starting form this culture in order to plate 4 µl of cell suspension onto 
appropriate agar plates. The plates were grown at 30°C. All images were taken 
with a G:BOX (Syngene). 
 
 
Fig 2-2. Singer Robot pinning key. Four biological replicates (A-D) of yeast 
strains expressing N. ceranae proteins were pinned in quadruplets using a 
ROTOR HDA robot (Singer Instruments).   
 
2.2.15. Yeast complementation 
In order to check whether N. ceranae genes complement genes of a yeast 
S. cerevisiae and rescue its phenotypes, destination vectors containing 
N. ceranae ORFs were transformed into appropriate S. cerevisiae strains. 
Plasmids were generated as described previously in section 2.2.9 and yeast 
transformation was performed according to section 2.2.13. 
For a thioredoxin complementation assays, S. cerevisiae Δtrx2 strain (single 
knockout for TRX2 in BY4741 background) was transformed with 
pAG426GPD- ccdB plasmid carrying NcORF-15, NcORF-15w (without a signal 
peptide) or no ORF at all to act as a control. For a hexokinase complementation 
assays, S. cerevisiae YSH7.4-3C strain (triple knockout for HXK1, HXK2 and 
GLK1 in W303-1A background) was transformed with pAG426GPD-ccdB 
plasmid harbouring NcORF-16, NcORF-16w (without a signal peptide) or no ORF 
at all.  
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Cells were grown in 5 ml YNB medium with an appropriate Drop-Out added for 
16-18 h and subsequently diluted to OD595=0.1 in sterile water. 10-fold serial 
dilutions were performed from this suspension and 4 µl was plated with 
multichannel pipette onto agar plates. Hexokinase activity was assessed on YNB 
plates with an appropriate Drop-Out containing different carbon sources (2 % 
glucose, 2 % galactose or 2 % raffinose), whereas thioredoxin strains were plated 
onto YNB plates with an appropriate Drop-Out and with different concentration of 
tert-butyl hydroperoxide (tBOOH). 
 
 
2.2.16. DAPI staining 
A single yeast colony was inoculated into an appropriate medium and grown 
overnight at 30°C, 180 rpm. Cells were fixed in 70 % EtOH for 1 h, washed with 
1 x PBS (137 mM NaCl, 2.7 mM KCl, Na2HPO4, 1.8 mM KH2PO4) and 
resuspended in 500 µl 1 x PBS. DAPI (4',6-diamidino-2-phenylindole) was added 
to 1 µg/ml, cells were stained for 5 min, washed twice with 1 x PBS and 
resuspended in 500 µl of 1 x PBS.  
 
 
2.2.17. Microscopy 
Axiophot Epifluorescent microscope (Zeiss) was used to view yeast cells under 
X100 magnification using oil immersion objective lens. VisiView Software 
(Visitron Systems GmbH) was used to acquire images. 
 
 
2.2.18. Image analysis 
ImageJ package was used to process all the images (http://imagej.net/). 
 
 
2.2.19. Protein extraction from yeast  
Cells were resuspended in 250 µl of Lysis buffer (100 mM NaCl, 2 mM 
phenylmethanesulfonyl fluoride (PMSF), protease inhibitor cocktail tablet from 
Roche), together with 0.3 ml acid washed glass beads (Sigma-Aldrich) and 
vortexed 3 times 20 sec using  Fast-Prep® (MP Biomedicals), allowing cells to 
rest for 1 min on ice between each burst. Samples were centrifuged at 4°C and 
the supernatant with the yeast crude protein extract recovered. Protein samples 
were subjected directly to further analysis or stored at -20°C. 
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2.2.20. SDS-PAGE 
For protein electrophoresis, 5 µl of protein crude extract was mixed with 
NuPAGE® LDS Sample buffer (Life Technologies), 0.1 M DTT to final volume of 
20 µl, and boiled at 100°C for 10 min before being loaded onto 10% or 4-20% 
Tris-Glycine precast gel (10 cm in length, NuSep). ColorPlus PreStained Protein 
marker (BioLabs) was loaded alongside. Gel was run in an XCell SureLock™ 
Mini Cell electrophoresis tank (Life Technologies) in running buffer (25 mM Tris, 
192 mM glycine, 0.1 % SDS) at 150V until the line from the protein marker 
reached the bottom of the gel. 
 
 
2.2.21. Western blot analysis 
Transfer of proteins onto beforehand soaked in 100% methanol PVDF membrane 
(Life Technologies) was performed in XCell SureLock™ Mini Cell electrophoresis 
tank (Life Technologies) in transfer buffer (25 mM, 192 mM glycine, 20 % (v/v) 
methanol). The transfer buffer filled the inner chamber of the tank while the outer 
space was filled with ice-cold water and such assembled cast was run at 30V for 
2 h. The membrane was incubated in blocking buffer (1 x PBS, 0.1% Tween-20, 
5% dried milk powder) for 1 h at RT. The primary antibody (Roche) was diluted 
in fresh blocking buffer (1:10000) and the membrane was incubated overnight at 
4°C. After three washes with PBS-T0.1% (1 x PBS, 0.1% Tween-20) the membrane 
was transferred into blocking buffer with secondary antibody (1:5000, Roche) for 
1 h at RT and then washed 5 times with PBS-T0.1%. ECL from Amersham kit was 
used to develop the membrane. 
 
 
2.3. D. MELANOGASTER MANIPULATIONS 
 
2.3.1. General fly husbandry 
Fly stock was kept at 18°C, while crosses were performed at 25°C. Flies were 
fed on standard Drosophila medium (7.7 g/L agar, 69.2 g/L maize, 14 g/L yeast 
extract, 8.3 g/L soya, 69.2 g/L malt, 19.2 g/L molasses, 30 ml/L of 10% in ethanol 
Nipagin stock, 5 ml/L propionic acid, 0.34 ml/L orthophosphoric acid) and kept in 
standard fly vials or bottles. 
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2.3.2. Generation of fly stock 
pDEST vectors were generated as described in section 2.2.9. Plasmids were 
extracted using Maxiprep kit (Sigma-Aldrich) (described in 2.2.10) and the DNA 
content was measured with a Nanodrop 1000 (Thermo Scientific). The plasmids 
were sent off to the Best Gene Inc., CA, USA for transinjections into w1118 line. 
 
2.3.3. Fly strains 
D. melanogaster strains are listed in Table 2-6. 
 
 
Table 2-6. D. melanogaster lines used in this study. 
Line Name Description Used as: Source 
Actin5C-GAL4/TM6B y w; P{w+ actin-Gal4}/TM6B GAL4-driver 
A kind gift 
from 
Dr Valeria 
Palumbo, 
Rome, IT 
Dm-Nc4w 
w1118 transinjected with pPGW 
harbouring NcORF4w 
UAS-responder This study 
 
 
2.3.4. Dissections and DAPI staining 
Fly larvae were dissected in 1 x PBS using standard methods. Larval organs were 
fixed in 4 % formaldehyde (4 % (v/v) in 1 x PBS) for 20 min, washed with 1 x PBS 
and transferred onto slides with a drop of Vectashield® Mounting Medium 
containing DAPI (Vector Laboratories). Cover slips were applied gently and 
sealed with clear nail varnish. Such prepared slides were kept in the dark at 4°C 
for further microscopy. 
 
 
2.3.5. Confocal microscopy 
Confocal microscopy of the D. melanogaster tissues was carried out on Zeiss 
LSM 510 META laser scanning microscope (Zeiss) under X40 objective 
according to manufacturer’s directions. 
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Chapter 3  
 
Generation of the N. ceranae ORFeome library 
 
3.1. OVERVIEW 
In the post-genome era, the availability of sequencing data has intensified the 
research on structures and functions of genes. While whole genome sequencing 
becomes gradually faster and cheaper, high-throughput (HT) technologies are 
also rapidly progressing. Large scale projects aim to generate ORFeomes – 
complete sets of open reading frames (ORFs) – as templates for experimental 
exploitation of genes and to answer the key questions, such as: when and where 
are they expressed? How does the gene affect the cells in which it is being 
expressed? How is it regulated and what it interacts with? (Wiemann et al., 2004). 
In recent years, a number of bacterial (Dricot et al., 2004; Maier et al., 2012; 
Rajagopala et al., 2010), yeast (Matsuyama et al., 2006), nematodes (Reboul et 
al., 2003; Lamesch et al., 2004), plant (Singh et al., 2014), viral (Yu et al., 2014) 
and human (Rual et al., 2004b) ORFeome libraries have been created which are 
available to the research community. ORFeomes are subsequently analysed by 
combining functional genomics, proteomics and HT strategies. Genes from such 
collections are usually heterologously (exogenously) expressed, meaning not in 
their natural environment. They are often fused with a “tag” which comprises well-
characterised proteins or a protein domain. For example, for Y2H screen 
purposes an ORF has to be expressed as a fusion to the DNA binding domain 
(DB) and the activation domain (AD) (Walhout and Vidal, 2001), whereas for 
localisation assays either N- or C- terminal GFP-derivative tag may be applied 
(Vidal, 2001). 
Generation of ORFeome libraries enables quick characterisation of an 
organism`s gene pool and utilisation of HT technologies makes the process more 
efficient. No microsporidian ORFeome library has been created so far and the 
aim of this study was to generate such platform for N. ceranae. Even though 
N. ceranae is an important honey bee pathogen and has been linked with the 
colony collapse disorder (CCD) (refer to section 1.3), not much is known about 
the parasite itself and its interactions with the host. Therefore, the generation of 
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a N. ceranae ORFeome would establish a very useful tool that would allow further 
characterisation of N. ceranae genes and would subsequently help in elucidating 
its possible mechanisms of virulence. The sequencing of the N. ceranae genome 
revealed the presence of 88 genes with a predicted N-terminal signal peptide 
(SP) hypothesised to be destined for secretion (Cornman et al., 2009). 
Extracellular proteins, i.e. proteins that are secreted or associated with the cell 
surface, are involved in virulence, can play an important role in adherence to the 
host surfaces, and can directly interact with the host and its immune system 
components (Wall, 2003). The comparative analysis was performed by Cornman 
et al. (2009) against E. cuniculi, the only microsporidian whose genome had been 
sequenced at that time (Katinka et al., 2001), and the predictions of signal 
peptides in N. ceranae amino acids sequences were performed with a SignalP 
3.0 server (http://www.cbs.dtu.dk/services/SignalP/; Bendtsen et al., 2004) the 
most commonly used tool for the prediction of secreted proteins (Melhem et al., 
2013). 
The aim of this study was to gain an insight into predicted N. ceranae secretome. 
Firstly, bioinformatics approach will be employed, in order to structurally 
characterise N. ceranae ORFs. The bioinformatics analysis will be followed by 
the generation of ORFeome library and exploitation of yeast molecular tools in 
order to perform functional studies. A combination of both approaches will help 
us to characterise N. ceranae virulence factors important for its pathogenicity. 
Due to many difficulties associated with studying microsporidia (refer to section 
1.4.2), S. cerevisiae was chosen as an alternative organism to characterise the 
physiological and biochemical properties of N. ceranae proteins. The availability 
of a range of molecular tools and HT technologies for S. cerevisiae, facilitates not 
only functional characterisation of many of its genes and pathways, but 
S. cerevisiae is also a good model to extrapolate useful information data from 
studying heterologous ORFs expressed to both high or low levels (Romanos et 
al., 1992)(see section 1.4.3). However, due to time limitations, 46 ORFs from 
Cornman`s et al. list (Cornman et al., 2009) were taken for further investigation 
(Table II-1 in Appendix II).  
Bioinformatics analysis of N. ceranae ORFs divided the N. ceranae secretome 
into four groups: 1) putative spore wall proteins (SWP), 2) those which lack their 
signal peptide (SP) (as a result of SignalP 3.0 update to version 4.0), 3) ORFs 
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with predicted transmembrane domains (TMs) and 4) those without TMs. Putative 
N. ceranae secreted proteins were subsequently cloned with and without a signal 
peptide into pDONR221 generating a total of 91 pENTRY vectors. Subsequent 
S. cerevisiae transformation yielded 86 strains over-expressing N. ceranae ORFs 
(Table 3-7) and all generated strains were subjected to a phenotypic screen to 
help determine function of N. ceranae effector proteins in its native host.  
Visual assessment of the yeast strains over-expressing N. ceranae ORFs 
revealed four strains with reduced growth (strains expressing NcORF-15, 
NcORF-17, NcORF-18w and NcORF-21), whereas the phenotypic screens 
revealed phenotypes on caffeine, ethanol and sodium chloride, suggesting 
involvement of N. ceranae proteins in pathways affected by those particular 
conditions. Subsequent fluorescence microscopy showed localisation of 
N. ceranae proteins to the cell compartments, such as the nucleus, cell periphery 
and the cytoplasm, implying that these are their native cellular targets. Moreover, 
a number of strains exhibited a unique RING-phenotype and strains expressing 
putative N. ceranae SWPs were screened for the importance of a signal peptide 
on their localisation, however this needs to be further investigated. 
 
3.2. AIMS  
The main goals of this chapter were: 
1. Characterisation of N. ceranae effectors with available bioinformatics 
tools; 
2. Generation of N. ceranae library (the first microsporidian secretome 
library) using Gateway® technology; 
3. Implementation of a yeast model system and phenotypic screens to 
assess the effect of N. ceranae proteins on S. cerevisiae growth; 
4. Localisation of N. ceranae effector proteins in S. cerevisiae in order to help 
elucidate their native function. 
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3.3. METHODS 
Cornman et al. (2009) identified with SignalP 3.0 (Bendtsen et al., 2004) a list of 
88 N. ceranae genes with predicted signal peptides. However, in this study, I 
started investigation of 46 genes. For simplicity, N. ceranae genes were 
annotated with the new IDs i.e. NcORF-1 corresponds to NcORF-01125 
(Nc000089-11612) (see Table I-1 in Appendix I) and those will be used 
throughout all the chapters. N. ceranae ORFs cloned without a signal peptide 
were marked with “w” e.g. NcORF-1w denotes NcORF- 1 without a signal 
peptide. Bioinformatics analysis of 46 N. ceranae secretome is summarised in 
Table II-1 (Appendix II).  
Primer design and generation of pENTRY vectors for N. ceranae proteins was 
initiated in collaboration with Prof. Rosalia Diez-Orejas (Madrid, Spain).  
For full list of 88 proteins with signal peptides please refer to Supporting 
Information Text S1 provided by Cornman et al., (2009).  
 
 
3.3.1. Bioinformatics tools 
Bioinformatics tools are described in Materials and Methods (section 2.1).  
 
 
3.3.2. Gateway® cloning 
pENTRY and pDEST vectors were generated as described in Materials and 
Methods (section 2.2.9). Plasmids and strains generated for the purpose of this 
study are listed in Table IV-1.A (Appendix IV) and Table VI-1.A (Appendix VI), 
respectively.  
 
 
3.3.3. Phenotypic screens 
For high throughput phenotypic screens, a single colony was inoculated into 
200 µl of YNB –his in a 96-well plate and strains were grown for 18-24 h at 30°C, 
180 rpm. The OD595 was measured using a iMark™ Microplate Reader (BioRad) 
and each well was diluted in sterile water to OD=0.2 in a new plate. Cells were 
pinned onto YNB -his medium with included chemical (Table 3-1) using a ROTOR 
HDA robot (Signer Instruments) and incubated at 30°C for 3-5 days. For each 
                                                              Chapter 3: Generation of the Nosema ceranae ORFeome library 
 
85 | P a g e  
 
strain, four biological replicates were used which were pinned in quadruplets (see 
Fig 2-2 in section 2.2.14) and three plates were used per condition. 
For a serial dilution screen, strains were grown in 5 ml of YNB –his for 16-18 h at 
30°C, 180 rpm and the OD595 was measured using a Jenway 7305 
spectrophotometer. Cells were diluted in sterile water to OD595=0.1 and 10-fold 
serial dilutions were performed starting form this culture in order to plate 4 µl of 
cell suspension onto appropriate agar plates. The plates were incubated at 30°C 
for 3-5 days. One biological replica was used and the screen was performed three 
times. Yeast strains used in these screens are listed in Table VI-1.A (Appendix 
VI), while screening conditions are listed in Table 3-1. All images were taken with 
a G:BOX (Syngene). 
 
 
3.3.4. Fluorescence microscopy 
For localisation studies, N. ceranae ORFs were transferred from pENTRY vectors 
into pAG423GPD-ccdB-EGFP plasmid (Fig. V-3 in Appendix V) via LR Clonase 
reaction (as described in Materials and Methods, section 2.2.9.2). All generated 
plasmids and strains are listed in Table IV-1.A (Appendix IV) and Table VI-1.A 
(Appendix VI), respectively. Yeast expressing EGFP-tagged N. ceranae proteins 
were grown in YNB -his for 16-18 h at 30°C, 180 rpm, centrifuged and 
resuspended in 1 x PBS (137 mM NaCl, 2.7 mM KCl, Na2HPO4, 1.8 mM KH2PO4). 
DAPI staining was performed as described in Materials and Methods (2.2.16). 
Cells were checked under the Axiophot Epifluorescent microscope (Zeiss) and 
images were processed with ImageJ package (www.imagej.net). 
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Table 3-1. List of conditions used in the phenotypic screen (Hampsey, 1997; 
Santos and Snyder, 2000; Wanke et al., 2008). S. cerevisiae strains expressing 
N. ceranae proteins were screened on different conditions. Yeast strains were 
grown in a selective medium for 18-24 h at 30°C, 180 rpm. The OD595 was 
optimised to 0.2, the strains were plated on YNB -his with a designated chemical 
and the plates were incubated at 30°C for 3-5 days. For each strain, four 
biological replicates were used which were pinned in quadruplets and three plates 
were used per condition. 
 
Chemical Conc./Condition Functional implication  
YNB -his - General reduction in fitness  
YNB -his 42°C General protein defects 
ethanol 6% General protein defects 
SDS 0.1% Cell wall integrity 
tBOOH 1.5 mM and 2 mM Oxidative stress 
sorbitol 0.5 M 
Osmotic stress,  
defects in the cell wall or cytoskeleton 
NaCl 0.5 M and 1 M 
Osmotic stress, 
defects in the cell wall or cytoskeleton 
KCl 100 mM Sensitivity to divalent cations 
CdCl2 2 mM 
Sensitivity to divalent cations and heavy 
metals 
ZnCl2 8 mM 
Sensitivity to divalent cations and heavy 
metals 
CuSO4 7.5 mM 
Sensitivity to divalent cations and heavy 
metals 
caffeine 10 mM 
Defects in MAPK pathway, TORC1 
pathway  
glycerol 3% Respiratory deficiency 
glycerol  2% (C source) 
Deficiency in utilisation of different 
carbon sources than glucose 
NaAc 2% (C-source) 
Deficiency in utilisation of different 
carbon sources than glucose 
N-starvation no N/traces of N Inability to grow without nitrogen 
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3.4. RESULTS 
3.4.1. Bioinformatics analysis of the N. ceranae secretome 
Cornman et al. (2009) identified 88 potential N. ceranae virulence factors, 
comprising ~3.4 % of its genome. However, for the majority N. ceranae ORFs 
there were no matches in the public database that could lead to a prediction of 
their function. The list of N. ceranae secretome had annotation for only 20 ORFs, 
but it has changed throughout the course of this study (see Table II-1 in 
Appendix II for further details). The aim of this study was to investigate these 20 
ORFs together with 26 randomly chosen ORFs from the N. ceranae secretome.  
The following sections will describe bioinformatics analysis of 46 N. ceranae 
ORFs, which were divided into groups of ORFs that: i) lack their signal peptide, 
ii) were identified as putative spore wall proteins (SWPs), iii) have predicted 
transmembrane domains (TM), and iv) do not have predicted TMs. 
Some ORFs belong to two groups, such as NcORF-2 which was identified as a 
putative SWP and ORF without a TM (Table 3-2). Furthermore, ORFs with and 
without TMs were divided into two groups: annotated and un-annotated (Table 
3- 5 and Table 3-6).  
Following update of SignalP 3.0 (Bendtsen et al., 2004) to SignalP 4.0 (Petersen 
et al., 2011), the newest predictions did not identify a SP in six out of 46 
N. ceranae ORFs (NcORF-12, NcORF-17, NcORF-18, NcORF-38, NcORF-42 
and NcORF-45), resulting in reduction of N. ceranae secretome. Also, instead of 
a signal peptide, TagetP 1.1 identified a mitochondrial targeting peptide (mTP) in 
un-annotated NcORF-38 and five N. ceranae ORFs (NcORF-2, NcORF-8, 
NcORF-21, NcORF- 37 and NcORF-41) were identified as putative spore wall 
proteins (SWPs). Additionally, previously un-annotated eight N. ceranae ORFs 
(NcORF- 23, NcORF-28, NcORF-33, NcORF-37, NcORF-39, NcORF-41, 
NcORF-42 and NcORF-43), show homology with another microsporidian proteins 
and one N. ceranae ORF (NcORF-36) was classified to the DAZAP2 superfamily. 
Moreover, 17 N. ceranae ORFs have predicted TMs in their structures and, 
according to big-PI Predictor (Eisenhaber et al., 1999), two ORFs have potential 
GPI-modification sites (NcORF-28 and NcORF-29, at residue 187 and 449, 
respectively). 
                                                              Chapter 3: Generation of the Nosema ceranae ORFeome library 
 
88 | P a g e  
 
Table 3-2. Summary of bioinformatics analysis for N. ceranae secretome. 
 
 
 
Feature N. ceranae ORF SP/TMs 
Lack SP 
NcORF-12 
NcORF-17 
NcORF-18 
NcORF-38 
NcORF-42 
NcORF-44 
No/No 
No/Yes (12) 
No/Yes (6) 
No (mTP)/No 
No/Yes (1) 
No/Yes (1) 
Putative Spore Wall Proteins 
(SWPs) 
NcORF-2 
NcORF-8 
NcORF-21 
NcORF-37 
NcORF-41 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/Yes (1) 
ORFs with TMs 
NcORF-3 
NcORF-10 
NcORF-13 
NcORF-15 
NcORF-17 
NcORF-18 
NcORF-23 
NcORF-26 
NcORF-28 
NcORF-29 
NcORF-33 
NcORF-39 
NcORF-40 
NcORF-41 
NcORF-42 
NcORF-44 
NcORF-45 
Yes/ Yes (10) 
Yes/ Yes (1) 
Yes/ Yes (7) 
Yes/ Yes (1) 
No/ Yes (12) 
No/ Yes (6) 
Yes/ Yes (1) 
Yes/ Yes (3) 
Yes/ Yes (7) 
Yes/ Yes (1) 
Yes/ Yes (1) 
Yes/ Yes (2) 
Yes/ Yes (2) 
Yes/ Yes (1) 
No/ Yes (1) 
No/ Yes (1) 
Yes/ Yes (1) 
ORFs with no TMs 
NcORF-1 
NcORF-2 
NcORF-4 
NcORF-5 
NcORF-6 
NcORF-7 
NcORF-8 
NcORF-9 
NcORF-11 
NcORF-12 
NcORF-14 
NcORF-16 
NcORF-19 
NcORF-20 
NcORF-21 
NcORF-22 
NcORF-24 
NcORF-25 
NcORF-27 
NcORF-30 
NcORF-31 
NcORF-32 
NcORF-34 
NcORF-35 
NcORF-36 
NcORF-37 
NcORF-38 
NcORF-43 
NcORF-46 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
No/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
Yes/No 
No (mTP)/No 
Yes/No 
Yes/No 
 
 
mTP – mitochondrial targeting peptide, ORF – open reading frame, SP – signal peptide 
(SignalP 4.1), TMs – transmembrane domains (TMHMM 2.0) 
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3.4.1.1. N. ceranae ORFs lacking their signal peptide 
Since the publication of the N. ceranae genome in 2009 (Cornman et al., 2009), 
the SignalP 3.0 tool has been updated to version 4.0. This change resulted in a 
decrease of the total number of predicted N. ceranae effector proteins. With the 
current tool, six out of 46 N. ceranae ORFs, previously annotated with a signal 
peptide (SP) by SignalP 3.0, do not show that prediction anymore (Table 3-2; 
Table II-1 in Appendix II). Those ORFs are:  
 
1. NcORF-12 annotated as a SCP-like protein,  
2. NcORF-17 – a TLC ATP/ADP transporter,  
3. NcORF-18 – a mechanosensitive ion channel,  
4. NcORF-42 with an uncharacterised homolog in N. apis,  
5. NcORF-38 and 6) NcORF-44, with no annotated functions or domains.  
 
Additionally, both NcORF-17 and NcORF-18 were identified with 12 and six 
transmembrane domains, respectively. NcORF-38 has predicted mitochondrial 
targeting signal (mTP), while NcORF-42 and NcORF-44 (both with homologs in 
N. apis) each have predicted one TM (Table 3-1). 
 
 
3.4.1.2. Putative N. ceranae Spore Wall Proteins (SWPs) 
Cornman`s at al. (2009) did not identify any hypothetical spore wall proteins 
(SWPs) in N. ceranae genome. However, homology searches and experimental 
studies of SWPs in other microsporidia led to the identification of five putative 
N. ceranae SWPs: NcORF-2, NcORF-8, NcORF-21, NcORF-37 and NcORF-41 
(Table 3-3). NcORF-2 shows similarity to N. apis spore wall and anchoring disk 
complex protein 1, and EnP1 of E. cuniculi and E. intestinalis. BlastP search for 
NcORF-8 placed this proteins within ricin B-type lectins, whereas NcORF-37 
shows homology with N. bombycis spore wall protein 25 (SWP25) and 
NcORF- 41 shows similarity to E. cuniculi spore wall protein ECU02_0150. 
Experimental approach and implementation of bioinformatics tools by Li et al. 
(2012) led to identification of NcORF-21 as a homolog of N. bombycis spore wall 
protein 5 (SWP5). 
All putative N. ceranae SWPs were screened for heparin binding motifs (HBMs) 
which are involved in microsporidian spore adhesion (Hayman et al., 2005; 
Southern et al., 2007). Manual screening identified two N. ceranae ORFs with 
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putative HBMs – NcORF-2 with one HBM1 and six HBM2, and NcORF-8 having 
one HBM2 (Table 3-4). All N. ceranae putative SWPs have predicted N-terminal 
SP and no transmembrane domains, apart from NcORF-41 which has 1 TM.  
 
Table 3-3. Hypothetical N. ceranae spore wall proteins with their 
microsporidian homologs.  
Nc ORF Homolog  
NcORF-2 Spore wall and anchoring disk complex protein 1 (N. apis);  
Spore wall and anchoring disk complex protein EnP1 Q8SWL3 (E. cuniculi 
ENP1_ENCCU) 
Spore wall and anchoring disk complex protein EnP1 (E. intestinalis ATCC 
50506) 
NcORF-8 Ricin B lectin (N. bombycis CQ1) 
NcORF-21 Similar to N. bombycis SWP5  
NcORF-37 Similar to SWP25 (N. bombycis CQ1) 
NcORF-41 Similar to Spore wall protein ECU02_0150 (E. cuniculi) 
 
BlastP homology search for N. ceranae genes identified four putative spore wall 
proteins (SWPs): NcORF-2, NcORF-8, NcORF-37, and NcORF-41. NcORF-21 
was identified as a homolog of N. bombycis SWP5 by Li et al., 2012. Nc – 
N. ceranae 
 
 
Table 3-4. Bioinformatic analysis of putative N. ceranae spore wall proteins. 
 HBM1 
XBBBXXBX 
HBM2 
XBBXBX 
N-glyc. 
Site 
O-glyc. 
Site 
 
P-site  
 
TMs 
 
SP 
MW 
(kDa)  
NcORF-2 1 6 3 yes yes - yes 48.4 
NcORF-8 - 1 1 yes yes - yes 24.7 
NcORF-21 - - - yes yes - yes 20.4 
NcORF-37 - - - - yes - yes 31 
NcORF-41 - - 1 yes yes 1 yes 25.5 
 
Putative N. ceranae SWPs were investigated for the presence of heparin binding motif 1 
(HBM1), heparing binding motif 2 (HBM2), potential N-glycosylation sites (N-glyc. site; 
predicted with NetNGlyc 1.0), O-glycosylation sites (O-site; predicted with NetOGlyc 4.0), 
phosphorylation sites (P-site; predicted with NetPhos 2.0) and transmembrane domains 
(TMs; predicted with TMHMM 2.0). All putative N. ceranae SWPs have predicted 
N- terminal signal peptide (SignalP 4.0). Molecular weight (MW) of proteins has been 
determined. 
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3.4.1.2.1. NcORF-2 shows homology with EnP1  
The amino acid sequence of NcORF-2 shows homology with a spore wall and 
anchoring disk complex protein 1 in N. apis, EnP1 in E. cuniculi (EcEnP1) and 
EnP1/SWP3 in E. intestinalis (EiEnP1) (Fig. 3-1). E. cuniculi EnP1 has two HBMs: 
slightly modified HBM1 with sequence XBBXBXBBX, and one HBM2; 
E. intestinalis EnP1 has three HBMs: one modified HBM1 (XBBXBXBBX) and 
two HBM2 (Peuvel-Fanget et al., 2006; Southern et al., 2007; Fig. 3-2). It has 
been suggested that the variations in HBM1 motifs are important and they do not 
compromise protein-heparin binding (Margalit et al.,1993). No such variations of 
HBM1 were identified in NcORF-2 structure but it has one “standard” HBM1 and 
HBM2 (Fig. 3-2). Moreover, all three microsporidian EnP1 proteins are highly rich 
in cysteine: E. cuniculi EnP1 has 23 cysteines, E. intestinalis EnP1 has 25 
cysteines and N. ceranae NcORF-2 has 28 cysteines.  
 
 
Fig. 3-1. Amino acid alignment of a putative N. ceranae SWP (NcORF-2), 
E. cuniculi EnP1 (EcEnP1) and E. intestinalis EnP1 (EiEnP1). Heparin binding 
motifs 1 (HBM1) are indicated in orange boxes while HBM2 are in green. Signal 
peptides are in black boxes. Conserved amino acids are highlighted in red. 
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Figure 3-2. Amino acid sequence of putative N. ceranae spore wall protein 
NcORF-2. The signal peptide is indicated. Repeats are either underlined or in 
matching colours. Asn-Xaa-Ser/Thr sequons are highlighted in blue, whereas 
predicted N-glycosylated sites are highlighted in red. Orange box represents 
predicted heparin binding site 1 (HBM1) and green boxes represent heparin 
binding sites 2 (HBM2). The asterisks indicate cysteine residues. Arginine-rich 
region is enclosed in a purple box. 
 
3.4.1.2.2. NcORF-8 and ricin B-type lectins 
NcORF-8 is a predicted ricin B-type lectin and shows homology with other ricin 
B-type lectins from microsporidia phylum (Pfam and Blast searches). Homologs 
of ricin B-type lectins were identified using bioinformatics tools in other 
Microsporidia but mass-spec analysis of medium from S. lophii spores 
experimentally proved that they do occur in extracellular spaces (Campbell et al., 
2013), however their function in microsporidian infection process is still unknown. 
NcORF-8 was screened for the presence of amino acid rich regions, glycosylation 
sites and possible heparin binding motifs facilitating its role in pathogenicity. It 
has a histidine-rich region towards the C end of the amino sequence, one 
N- glycosylation site and one HBM2 (Fig. 3-3). 
 
 
Fig. 3-3. Amino acid sequence of a putative SWP NcORF-8. Asn-Xaa-Ser/Thr 
sequon is highlighted in blue. Asparagine predicted to be N-glycosylated is 
highlighted in red. Orange box represents predicted heparin binding site 2 
(HBM2). The asterisks indicate numerous histidine residues. Repeats are 
underlined and the signal peptide is indicated.  
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3.4.1.2.3. NcORF-21 a SWP5 homolog 
NcORF-21 shows no BlastP homology; however Li et al. (2012a) has identified 
NcORF-21 as a homolog of N. bombycis SWP5 (Fig. 3-4). They identified 
N. bombycis SWP5 in exospore and they also showed that it interacts with polar 
tube proteins. Those proteins compose a polar filament, which is a unique 
extrusion apparatus involved in host invasion (refer to section 1.2.3). Both 
N. ceranae NcORF-21 and N. bombycis SWP5 have predicted glycosylation and 
phosphorylation sites, however no HBMs were identified in NcORF-21. Moreover, 
NcORF-21 has characteristic glutamic acid-rich region in its amino acid sequence 
(130-172). 
 
 
 
Fig. 3-4. N. bombycis SWP5 and its homolog in N. ceranae. N. bombycis 
SWP5 was aligned against its N. ceranae homolog, NcORF-21. Signal peptide is 
indicated and C-terminal EDDKDKKNG repeats are in a purple box. 
Glycosylation of ɛ-amino groups of lysine and O-glycosylation sites are 
represented by K and S/T, respectively. Casein kinase II phosphorylation sites 
are indicated with number 1, protein kinase C phosphorylation sites with number 
2, while Big-1 (bacterial Ig-like domain) is represented by number 3. Asterisks 
indicate similar amino acid residues. Glutamic acid-rich region is denoted in green 
box. Nb – Nosema bombycis. Adapted from Li et al., 2012a. 
 
 
3.4.1.2.4. NcORF-37 as a homolog of N. bombycis SWP25 
N. ceranae NcORF-37 shows homology with N. bombycis spore wall protein 25 
(SWP25) which is found in spore endospore (Wu et al., 2009). NcORF-37 has no 
predicted HBMs, no TMHMM and no significant domains have been identified in 
this proteins (Fig. 3-5). N. bombycis SWP25, in contradiction to NcORF-37, has 
one HBM2. 
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Fig. 3-5. Alignment of N. ceranae NcORF-37 and N. bombycis SWP25. Signal 
peptides are indicated. HBM2 is indicated in orange box. Conserved amino acids, 
identical in all sequences are indicated with asterisks, colon indicates strongly 
conservative amino acids and period indicated weak conservative amino acids. 
 
3.4.1.2.5. NcORF-41 has a homolog in E. cuniculi  
NcORF-41 shows similarity to E. cuniculi spore wall protein ECU02_0150 
(Q8SWG8). NcORF-41 has no predicted HBM, has one predicted TM and one 
N- glycosylation site (NLTC).  
 
Fig. 3-6. Alignment of N. ceranae NcORF-41 and E. cuniculi spore wall 
protein ECU02_0150.  Signal peptide is indicated and N-glycosylation site is in 
a purple box. Conserved amino acids, identical in all sequences, are indicated 
with asterisks, colon indicates strongly conservative amino acids and period 
indicated weak conservative amino acids. 
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3.4.1.3. N. ceranae proteins with and without the transmembrane domains 
The presence of transmembrane domains (TMs) in a protein structure suggests 
that it may become embedded within the cell membranes during its maturation. 
Such proteins generally are not translocated into the extracellular space 
(Petersen et al., 2011) and may not directly interact with the host. Therefore, I 
screened 46 N. ceranae proteins for the presence of TMs in their structures in 
order to eliminate proteins with numerous TMs.  
TMs were identified in 12 annotated N. ceranae ORFs (Table 3-5.A and B). 
NcORF-3 has been grouped within a UAA transporter family with a specificity for 
UDP-N-acetylglucosamine. Its homolog in N. bombycis was identified as a UDP-
galactose transporter. NcORF-10, identified as a short chain dehydrogenases, 
has N. apis homolog – a ketodihydrosphingosine reductase. NcORF-13 was 
identified as a dolichol-phosphate mannose protein (mannosyltransferase) with a 
characteristic for this group MIR domain, whereas NcORF-15 belongs to a group 
of thioredoxins. Two proteins, which has previously been shown to have lost their 
SP (section 3.4.1.1), namely NcORF-17 (an ATP/ADP transporter) and 
NcORF- 18 (a mechanosensitive ion channel) have predicted 12 and six TMs, 
respectively. NcORF-23, NcORF-28, NcORF-41 and NcORF-42 have 
unannotated homologs in N. apis, but NcORF-41 also shows similarity to 
E. cuniculi spore wall protein ECU02_0150 (section 3.4.1.1.5). Recent BlastP 
search has additionally identified N. apis homolog for NcORF-33, a molecular 
chaperone belonging to a dnaj-class molecular chaperone, and NcORF-39 
shows similarity to DEAD/DEAH box helicase. 
Table 3-6 summarises 17 N. ceranae proteins which have no predicted TMs. 
ORFs in both section A and B were annotated with either Pfam domains or 
showed homology in BlastP searches, whereas section C lists un-annotated 
N. ceranae ORFs. Moreover, section A lists 13 N. ceranae ORFs that were 
characterised by Cornman et al. (2009), while section B represents proteins for 
which annotations were available later after the publication. NcORF-2 and 
NcORF-19 were initially annotated as proteins with a domain of unknown 
function, however recent homology searches showed similarity of NcORF-2 to an 
EnP1 spore wall protein of E. cuniculi and E. intestinalis (section 3.4.1.2.1), 
whereas NcORF-19 has an uncharacterised yeast homolog from Tetrapisispora 
phaffii. Moreover, recent analysis of NcORF-36 has identified this proteins with 
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DAZAP2 domain. No transmembrane domains were predicted for eleven out of 
46 N. ceranae ORFs: NcORF-22, NcORF-24, NcORF-25, NcORF-27, 
NcORF- 30, NcORF-31, NcORF-32, NcORF-34, NcORF-35, NcORF-38 and 
NcORF-46.  They could not be functionally annotated, as there were no matches 
in the public database that could lead to a prediction of their function (Table 
3- 6.C; Table II-1 in Appendix II).  
 
Table. 3-5. N. ceranae proteins with predicted transmembrane domains. 
ID Description  TMs 
A.   
NcORF-3 UAA transporter family  
UDP-galactose transporter (N. bombycis) 
10 
NcORF-10 short chain dehydrogenase  
ketodihydrosphingosine reductase (N. apis) 
1 
NcORF-13 Dolichyl-phosphate-mannose-protein; MIR domain 7 
NcORF-15 Thioredoxin  1 
NcORF-17 TLC ATP/ADP transporter  12 
NcORF-18 Mechanosensitive ion channel  6 
B.   
NcORF-23 hypothetical protein NAPIS_ORF01470 (N. apis BRL 01) 1 
NcORF-28 hypothetical protein NAPIS_ORF01303 (N. apis BRL 01) 7 
NcORF-33 hypothetical protein ECU06_1340 (E. cuniculi GB-M1);  
dnaj-class molecular chaperone (N. apis BRL 01) 
1 
NcORF-39 DEAD/DEAH box helicase 2 
NcORF-41 hypothetical protein ECU02_0150 (E. cuniculi) 
hypothetical protein NAPIS_ORF02569 (N. apis BRL 01) 
1 
NcORF-42 hypothetical protein NAPIS_ORF01030 (N. apis BRL 01) 1 
C.   
NcORF-26 -     3 
NcORF-29 -     1 
NcORF-40 -     2 
NcORF-45 -     1 
NcORF-44 -     1 
 
A. A list of N. ceranae proteins annotated by Cornman et al. (2009) with predicted 
transmembrane domains (TMs). B. Homologs of N. ceranae proteins with 
predicted TMs identified after 2009 with BlastP. C. N. ceranae proteins with no 
homologs nor any domains but having predicted TMs. N. ceranae proteins were 
annotated with BlastP or Pfam, and TMs were identified with TMHMM 2.0. TMs 
– transmembrane domains. 
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Table. 3-6. N. ceranae ORFs without predicted transmembrane domains. 
ID Description  TMs 
A   
NcORF-1 Bacterial protein of unknown function (DUF90) no 
NcORF-2 Domain of unknown function (DUF755) no 
NcORF-4 Proteasome beta-subunit no 
NcORF-5 Hsp70 protein  no 
NcORF-6 Glutaredoxin  no 
NcORF-7 Preprotein translocase subunit Sec66  no 
NcORF-8 Ricin B type lectin, SWP no 
NcORF-9 Ribonuclease no 
NcORF-11 Histidine acid phosphatase  no 
NcORF-14 Acetyltransferase (GNAT) family  no 
NcORF-16 Hexokinase  no 
NcORF-19 Domain of unknown function  (DUF1720) no 
NcORF-20 Proteasome alpha-subunit no 
B   
NcORF-2 SWP no 
NcORF-19 
hypothetical protein TPHA_0I02170  
(T. phaffii YEAST CBS 4417) 
no 
NcORF-21 SWP no 
NcORF-36 DAZAP2 domain no 
NcORF-37 SWP no 
NcORF-43 
hypothetical protein NAPIS_ORF00688 (N. apis  
BRL 01); 
DNA-directed RNA polymerase  
(N. bombycis CQ1) 
no 
C   
NcORF-22 - no 
NcORF-24 - no 
NcORF-25 - no 
NcORF-27 - no 
NcORF-30 - no 
NcORF-31 - no 
NcORF-32 - no 
NcORF-34 - no 
NcORF-35 - no 
NcORF-38 - no 
NcORF-46 - no 
 
 
 
 
A. N. ceranae proteins with predicted TMs annotated by Cornman et al., (2009). 
B. N. ceranae proteins with predicted TMs annotated after 2009. C. Un-annotated 
N. ceranae ORFs with TMs. N. ceranae proteins were annotated with BlastP or 
Pfam, and TMs were identified with TMHMM 2.0. TMs – transmembrane domains 
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3.4.2. Generation of N. ceranae ORFeome  
N. ceranae ORFeome library was generated by employing the Gateway® cloning 
system (Invitrogen). Apart from one ORF (NcORF-11), all N. ceranae ORFs were 
PCR amplified and cloned into pDONR221, generating 91 pENTRY and 91 
pDEST vectors (in pAG423GPD-ccdBEGFP backbone; described in Materials 
and Methods, section 2.2.9). pDEST vectors were used to generate S. cerevisiae 
strains and transformation yielded 86 strains constitutively expressing EGFP-
tagged N. ceranae proteins (Table 3-7; Table VI-1.A in Appendix VI). 
Transformations with the destination vectors for NcORF-10, NcORF-25, 
NcORF- 25w, NcORF-28 and NcORF-45w did not yield any transformants.  
Such generated strains will constitute a platform for future phenotypic and 
localisation assays, which can be performed in parallel.  
 
Table. 3-7. Summary of the generated pENTRY vectors and yeast strains 
expressing N. ceranae secreted proteins. N. ceranae proteins were PCR 
amplified either with or without a signal peptide. pENTRY vectors were generated 
from pDONR221 vector and PCR gene product. NcORF-11 could not be 
amplified, thus pENTRY and pDEST could not be generated. Yeast 
transformation with pDEST generated 86 S. cerevisiae strains expressing EGFP-
tagged N. ceranae proteins.  
ORF start stop bp 
PCR 
product 
pENTRY/ 
pDEST 
vector 
Yeast 
transformants 
NcORF1 1317 2123 806 YES 1, 1w 1, 1w 
NcORF2 1935 3215 1280 YES 2, 2w 2, 2w 
NcORF3 18546 19550 1004 YES 3, 3w 3, 3w 
NcORF4 12808 13500 692 YES 4, 4w 4, 4w 
NcORF5 734 2746 2012 YES 5, 5w 5, 5w 
NcORF6 12473 12898 425 YES 6, 6w 6, 6w 
NcORF7 115 588 473 YES 7, 7w 7, 7w 
NcORF8 4979 5620 641 YES 8, 8w 8, 8w 
NcORF9 11565 13370 1805 YES 9, 9w 9, 9w 
NcORF10 6959 7828 869 YES 10, 10w 10w 
NcORF11 12555 13760 1205 11w 11w 11w 
NcORF12 3382 5193 1811 YES 12, 12w 12, 12w 
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ORF start stop bp 
PCR 
product 
pENTRY/ 
pDEST 
vector 
Yeast 
transformants 
NcORF13 8935 10908 1973 YES 13, 13w 13, 13w 
NcORF14 11713 12456 743 YES 14, 14w 14, 14w 
NcORF15 1306 2787 1481 YES 15, 15w 15, 15w 
NcORF16 9001 10293 1292 YES 16, 16w 16, 16w 
NcORF17 9811 11271 1460 YES 17, 17w 17, 17w 
NcORF18 7735 9519 1784 YES 18, 18w 18, 18w 
NcORF19 14310 15968 1658 YES 19, 19w 19, 19w 
NcORF20 2948 3706 758 YES 20, 20w 20, 20w 
NcORF21 13211 13762 551 YES 21, 21w 21, 21w 
NcORF22 1438 2670 1232 YES 22, 22w 22, 22w 
NcORF23 1316 1813 497 YES 23, 23w 23, 23w 
NcORF24 62 742 680 YES 24, 24w 24, 24w 
NcORF25 1649 2425 776 YES 25, 25w - 
NcORF26 19290 19667 377 YES 26, 26w 26, 26w 
NcORF27 6545 6937 392 YES 27, 27w 27, 27w 
NcORF28 5321 5971 650 YES 28, 28w 28w 
NcORF29 7080 8507 1427 YES 29, 29w 29, 29w 
NcORF30 2327 3022 695 YES 30, 30w 30, 30w 
NcORF31 4602 5012 410 YES 31, 31w 31, 31w 
NcORF32 372 1217 845 YES 32, 32w 32, 32w 
NcORF33 3459 4028 569 YES 33, 33w 33, 33w 
NcORF34 663 1529 866 YES 34, 34w 34, 34w 
NcORF35 6885 7289 404 YES 35, 35w 35, 35w 
NcORF36 726 1997 1271 YES 36, 36w 36, 36w 
NcORF37 39098 39895 797 YES 37, 37w 37, 37w 
NcORF38 10070 10873 803 YES 38, 38w 38, 38w 
NcORF39 1000 1428 428 YES 39, 39w 39, 39w 
NcORF40 803 1282 479 YES 40, 40w 40, 40w 
NcORF41 6 686 680 YES 41, 41w 41, 41w 
NcORF42 31975 32613 638 YES 42, 42w 42, 42w 
NcORF43 46571 48913 2342 YES 43, 43w 43, 43w 
NcORF44 4290 4955 665 YES 44, 44w 44, 44w 
NcORF45 21011 22441 1430 YES 45, 45w 45 
NcORF46 6550 7767 1217 YES 46, 46w 46, 46w 
 
Key: pENTRY were generated from pDONR221, while yeast pDEST vectors were 
generated from pAG423GPD-ccdB-EGFP enabling C-terminal tagging of 
N. ceranae protein with EGFP. bp – base pair, w – without a signal peptide 
Continuation from the previous page 
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3.4.3. Phenotypic screens 
The N. ceranae secretome library was utilised in the phenotypic screen in order 
to assess the effect of the N. ceranae proteins on yeast growth. S. cerevisiae 
strains expressing N. ceranae proteins (Table 3-7; Table VI-1.A in Appendix VI) 
were firstly assessed for growth defects, before been subjected to a series of 
screens on different conditions (Table 3-1) targeting diverse cellular components 
and processes. An automated, high-throughput screen using a ROTOR HDA 
robot (Singer Instruments) was optimised and strains were visually verified.  
General growth defects were noticeable in four strains. S. cerevisiae∴NcORF17-
GFP strain, expressing a putative ATP/ADP transporter, showed severe growth 
impairment, while three strains S. cerevisiae∴NcORF15-GFP (expressing a 
putative thioredoxin), S. cerevisiae∴NcORF18w-GFP (expressing a 
mechanosensitive ion channel without a SP) and S. cerevisiae∴NcORF21-GFP 
(expressing a putative N. ceranae SWP), all exhibited “slight growth” reduction 
(Fig. 3-7).  
Following growth assessment of yeast strains expressing N. ceranae proteins, 
phenotypic screens identified phenotypes on caffeine, ethanol and sodium 
chloride. Caffeine sensitivity was exhibited by seven strains, five strains showed 
ethanol sensitivity, while sodium chloride sensitivity was detected in one strain. 
Two of the hypothetical N. ceranae spore wall proteins, NcORF-21 and 
NcORF- 41, were seen to be sensitive to caffeine (Fig. 3-8). Additionally, strain 
expressing NcORF-41 showed ethanol sensitivity (Fig. 3-9). Also, strains 
expressing N. ceranae proteins with no predicted domain or function, NcORF-1 
without a signal peptide (NcORF-1w) and NcORF-42, exhibited a phenotype on 
caffeine (Fig. 3-8). However, S. cerevisiae strain expressing NcORF-1 with a 
signal peptide does not show growth defects on caffeine but instead shows 
ethanol sensitivity (Fig. 3-9). Strains expressing NcORF-17 (a putative ATP/ADP 
transporter), NcORF-18w (putative mechanosensitive ion channel expressed 
without a signal peptide) and NcORF-39 (a predicted helicase), all show caffeine 
and ethanol sensitivity (Fig. 3-8 and Fig. 3-9). Sodium chloride sensitivity was 
observed for one S. cerevisiae strains expressing NcORF-5 (Fig. 3-10), which is 
predicted to be a HSP70 from a heat shock family. 
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Strains expressing other putative N. ceranae effector proteins showed no 
noticeable effects on the conditions used (Table 3-1) when compared to the 
controls.  
 
           
 
 
Fig. 3-7. Yeast growth inhibition by N. ceranae proteins. A. S. cerevisiae 
BY4741 strains expressing N. ceranae genes from pAG423GPD-ccdB-EGFP 
plasmid were grown in YNB -his in a 96-well plate for 18-24 h and then diluted in 
sterile water to OD595=0.2 in a fresh plate. Four biological replicates (A-D) were 
used per strain, which were pinned in quadruplets (see pinning key) onto YNB 
- his medium with a ROTOR HDA robot (Singer Instruments). The plates were 
incubated at 30°C for 3 days and checked visually for phenotypes. Strains 
exhibiting growth defects were used in a dotty assay (panel B). B. S. cerevisiae 
strains expressing NcORF-15 (yellow box), NcORF-17 (red box), NcORF-18w 
(blue box) and NcORF-21 (violet box) from pAG423GPD-ccdB-EGFP plasmid 
were grown in YNB -his for 16-18 h. The cells were diluted in sterile water 
OD595=O.1 and 10-fold dilution was performed in order to plate 4 µl of cells 
suspension on YNB –his. Plates were incubated at 30°C for 3 days. S. cerevisiae 
BY4741 transformed with an empty vector was used as a control (green box). 
Pinning key: 
A. B. 
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Fig. 3-8. Caffeine sensitivity of S. cerevisiae strains expressing N. ceranae 
proteins. S. cerevisiae BY4741 strains expressing N. ceranae proteins from 
pAG423GPD-ccdB-EGFP plasmid were grown in YNB -his in a 96-well plate for 
18-24 h and then diluted in sterile water to OD=0.2 in a fresh plate. Four biological 
replicates (A-D) were used per strain, which were pinned in quadruplets (see 
pinning key) with a ROTOR HDA robot (Signer Instruments). Cells were plated 
onto YNB -his medium with 10 mM caffeine and incubated at 30°C for 3-5 days. 
S. cerevisiae BY4741 transformed with an empty vector was used as a control. 
Pinning key: 
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Fig. 3-9. Ethanol sensitivity of S. cerevisiae strains expressing N. ceranae 
proteins. S. cerevisiae BY4741 strains expressing N. ceranae proteins from 
pAG423GPD-ccdB-EGFP plasmid were grown in YNB -his in a 96-well plate for 
18-24 h and then diluted in sterile water to OD=0.2 in a fresh plate. Four biological 
replicates (A-D) were used per strain, which were pinned in quadruplets (see 
pinning key) with a ROTOR HDA robot (Signer Instruments). Cells were plated 
onto YNB -his medium with 6% ethanol and incubated at 30°C for 3-5 days. 
S. cerevisiae BY4741 transformed with an empty vector was used as a control.  
 
Pinning key: 
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Fig. 3-10. Sodium chloride sensitivity of S. cerevisiae strains expressing 
N. ceranae protein. S. cerevisiae BY4741 strains expressing N. ceranae 
proteins from pAG423GPD-ccdB-EGFP plasmid were grown in YNB -his in a 
96- well plate for 18-24 h and then diluted in sterile water to OD=0.2 in a fresh 
plate. Four biological replicates (A-D) were used per strain, which were pinned in 
quadruplets (see pinning key) with a ROTOR HDA robot (Signer Instruments) 
onto YNB -his medium with 1M sodium chloride. The plates were incubated at 
30°C for 3-5 days. S. cerevisiae BY4741 transformed with an empty vector was 
used as a control. 
 
 
 
An important step in elucidating protein function is predicting its native subcellular 
localisation, as its localisation and tissue specificity can provide valuable 
information about the protein function (Nair and Rost, 2005). In S. cerevisiae, 
most of the proteins have been localised utilising GFP-tagging techniques 
(Kumar et al., 2002). By taking advantage of the created library of GFP tagged 
N. ceranae proteins (section 3.4.2), I screened them to determine their subcellular 
localisation.  
Out of 86 S. cerevisiae strains, 44 were shown to express N. ceranae proteins 
(Table 3-8; Fig. IX-1 and Table IX-1 in Appendix IX). Based on their localisation 
and characteristic appearance of the GFP-expressed N. ceranae protein, the 
phenotypes were subdivided into four groups: 1) punctuate phenotype (protein 
expressed as one or more dots within the cell), 2) cytoplasmic (expressed 
throughout the cytoplasm), 3) proteins associated with the nucleus, and 4) 
proteins creating characteristic RING-like phenotype. The RING phenotype was 
defined as a distinct circular localisation of expressed protein, either on the 
periphery or within the cell, or both (Table 3-7). Pictures with the representative 
Pinning key: 
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results not included in this section are covered in Appendix IX. The cut-off used 
in all microscopy assays was ≥65%, namely at least 65% of the cells had to 
exhibit similar phenotype in order to be qualified to a particular group (see 
Appendix IX for more details). Also, I noticed that expression of NcORF-4w, a 
putative proteasome subunit tagged with C-terminal EGFP, did exhibit clear  
nuclear localisation in 13% of cells (see Table IX-1 in Appendix IX) and this will 
be further investigated in Chapter Five. 
Utilisation of the bioinformatics tools, combined with the experimental data from 
other microsporidian species, enabled identification of five putative N. ceranae 
spore wall proteins: NcORF-2, NcORF-8, NcORF-21, NcORF-37 and NcORF-41 
(see section 3.4.1.2). All N. ceranae putative SPWs, when expressed in 
S. cerevisiae BY4741 with a signal peptide, show characteristic RING phenotype 
(Fig. 3-11.A). However, the same proteins expressed in yeast without the signal 
peptide loose this property and show punctuate phenotypes (NcORF-2w, 
NcORF-8w, NcORF-41w and NcORF-37w), with the exception of NcORF-21w 
which is still able to create distinctive RING phenotype (Fig. 3-11.B).  
Apart from putative spore wall proteins (see Fig. 3-11), five N. ceranae proteins 
exhibited a unique RING-like phenotype when expressed in S. cerevisiae. Those 
include: NcORF-18w (NcORF-18 expressed without a signal peptide), a putative 
mechanosensitive ion channel, an un-annotated NcORF-22, NcORF-29, 
NcORF- 31, and NcORF-42 with an uncharacterised homologs in N. apis. 
However, yeast strains expressing N. ceranae ORFs, NcORF29-GFP and 
NcORF31-GFP, did not reach the set up cut off in any category. Instead, these 
strains exhibited the RING phenotype in 63% and 54% cells, respectively, and 
therefore they were grouped within the RING phenotype group (Table 3-8; Table 
IX-1). 
However, it must be noted, that the RING-phenotype should be further 
investigated with the techniques allowing 3D insight into the yeast cells (such as 
confocal laser scanning microscopy or spinning disc confocal microscopy), as a 
standard 2D fluorescence microscopy may not be sufficient and thus the results 
may be misleading. Moreover, a stain such as Calcofluor White which binds to 
the yeast cell wall, could be used to validate microscopy results for N. ceranae 
spore wall proteins. 
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Table. 3-8. Phenotype summary of S. cerevisiae strains expressing 
N. ceranae proteins. S. cerevisiae strains expressing EGFP tagged N. ceranae 
proteins were grown in YNB –his for 16-18 h and cells were checked under a 
standard fluorescent microscope (Zeiss). Observed phenotypes were divided into 
four distinct groups depending on where and how the protein was localising in 
the majority of the checked yeast cells. Punctuate phenotype was exhibited by 
25 strains, the cytoplasmic was visible in seven strains, the nuclear in one strain, 
while 11 strains exhibited the RING phenotype. The cut-off of cells expressing 
particular phenotype was set at ≥65%. “w” denotes N. ceranae protein being 
expressed without a signal peptide. A total of 100 yeast cells were checked per 
strain. 
Phenotype 
EGFP tagged N. ceranae proteins expressed in 
S. cerevisiae  
punctuate 
NcORF-2w, NcORF-4, NcORF-4w , NcORF-5, NcORF-8w, 
NcORF-10w, NcORF-15, NcORF-19, NcORF-23w,  
NcORF-26w , NcORF-27, NcORF-27w, NcORF-29w, 
NcORF-32, NcORF-33, NcORF-33w, NcORF-35,  
NcORF-35w, NcORF-37w, NcORF-38w, NcORF-39w, 
NcORF-41w, NcORF-42w, NcORF-43, NcORF-44w 
cytoplasmic 
NcORF-7, NcORF-7w, NcORF-16, NcORF-16w,  
NcORF-34, NcORF-36, NcORF-38,  
association with  
a nucleus 
NcORF-36w 
RING phenotype  
NcORF-2, NcORF-8 , NcORF-18w, NcORF-21,  
NcORF-21w, NcORF-22 , NcORF-29 , NcORF-31,  
NcORF-37, NcORF-41, NcORF-42 
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Fig. 3-12. Representatives of S. cerevisiae cells expressing N. ceranae 
proteins which create characteristic RING phenotype. S. cerevisiae 
expressing N. ceranae were grown in YNB –his for 16-18 h, DAPI stained and 
cells were screened under standard fluorescent microscope. All yeast cells 
exhibiting the RING phenotype have reached the set up cut-of of ≥65%, apart 
from strains expressing S. cerevisiae∴NcORF29-GFP and S. cerevisiae 
∴NcORF31-GFP (see Table IX-1 in Appendix IX). A total of 100 yeast cells were 
screened per strain. Scale bar represents 5 µm. 
 
 
Interestingly, additional analysis of NcORF-42 structure revealed one heparin 
binding motif 2 (HBM2), which is characteristic to spore wall proteins (Fig. 3-13), 
but neither HBM1 nor HBM2 were identified in NcORF-18, NcORF-22, 
NcORF- 29 or in NcORF-31 structures. NcORF-42 is, however, lacking a signal 
peptide (according to SignalP 4.0 predictions; section 3.4.1.1) and has one 
predicted TMs (see section 3.4.1.3). 
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Fig. 3-13. Amino acid sequence analysis of N. ceranae NcORF-42. NcORF-
42 has one predicted heparin binding motif 2 (HBM2; brown box) characteristic 
to SWPs. NcORF-42 lacks signal peptide (according to SignalP 4.0). 
 
 
3.4.4. Summary 
In this study, I generated S. cerevisiae strains expressing EGFP-tagged 
N. ceranae proteins, allowing their further characterisation (summarised in Table 
3-9). General growth assessment identified four strains with growth defects upon 
expression of N. ceranae proteins (NcORF15-GFP, NcORF17-GFP, NcORF-18w 
and NcORF21-GFP; Fig.3-7), whereas phenotypic screens revealed caffeine 
(Fig. 3-8), ethanol (Fig. 3-9) and sodium chloride sensitivity (Fig. 3-10), 
suggesting function of N. ceranae in pathways and cellular processes affected by 
these chemicals.  Fluorescence microscopy showed expression of N. ceranae 
proteins in 44 out of 86 generated strains, and identified proteins localising to the 
nucleus, cytoplasm and creating a characteristic RING phenotype (Table 3-8). 
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3.5. DISCUSSION 
3.5.1. Bioinformatics predictions  
Studying individual genomes can help gain an insight into the elaborate lifestyle 
of pathogens and helps understanding host-parasite interactions by revealing the 
mode of actions of those genes products. Sequencing an organism’s repertoire 
of genes is followed by gene annotation, however the final result may vary 
depending on the method and criteria used by the investigator (Flicek and Birney, 
2009; Rual et al., 2004a), for example, since the publication of the S. cerevisiae 
genome (Winzeler and Davis, 1997) the number of its predicted genes has 
changed (Kellis et al., 2003; Li et al., 2008) and is still subject to changes. 
Constant updating of the bioinformatics tools provides their increasing accuracy 
and hence high quality genome annotations, which provide an important 
foundation for an appropriate experimental design.  
Bioinformatics tools have been successfully employed in identification of a 
number of bacterial (Chang et al., 2004; Schechter et al., 2006), Oomycetes 
(Torto et al., 2003; Tian et al., 2007) and fungal (Kemen et al., 2005) effectors. 
Moreover, Torto et al. (2003) proved that the bioinformatics tools can be 
successfully applied to identify secreted proteins before using any biochemical 
approach. Moreover, research from the early 1980s showed that the amino acid 
composition is related to the cellular location of a protein (Nishikawa and Ooi, 
1982) and localisation of a protein may be inferred from its homologs annotation, 
but its function can be difficult to predict  (Eisenhaber and Bork, 1998). However, 
the accuracy of predictions is still limited (Nielsen et al., 1997) and protein 
sequence analysis can sometimes differ with its native localisation, such as in 
case of proteins Frq1/YDR373W and Ppt1/YGR123C (Lin et al., 2011). 
Frq1/YDR373W was annotated as bud neck but localises to the Golgi apparatus, 
whereas Ppt1/YGR123C was predicted to localise both to cytoplasm and the 
nucleus, but when GFP expressed it localised only to the cytoplasm. Publication 
of the N. ceranae genome has made it feasible to utilise bioinformatics approach 
and characterise genes of this important microsporidian. Cornman et al. 
(Cornman et al., 2009) identified a hypothetical list of secreted proteins 
(secretome), which may interact with the host, and in this study, 46 N. ceranae 
genes were the subject of investigation.  
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Since 2009, SignalP 3.0 used by Cornman et al. (2009) has been updated to a 
new, more accurate version – SignalP 4.0 (Melhem et al., 2013; Petersen et al.,  
2011). The main difference between the two versions is that SignalP 4.0 has 
improved by 11.7% of Matthews correlation coefficient (MCC) (Melhem et al., 
2013) and performs better in discriminating between signal peptides and 
transmembrane domains, therefore the output ought to be more reliable in 
predicting secreted proteins. However, it is important to mention that identification 
of a signal peptide does not automatically make a protein extracellular, as such 
proteins may be retained within a cell e.g. in ER or the Golgi apparatus, or they 
may be directed to other cell compartments (refer to Fig. 1-5). Also, proteins 
without predicted an N-terminal signal peptide may enter non-classical pathways 
and can be secreted extracellularly (Bendtsen et al., 2004; Nickel, 2003).  
Application of the SignalP 4.0, caused reduction of the N. ceranae secretome 
from 46 to 40 (section 3.4.1.1; Table 3-2). Loss of the signal peptide was identified 
in six N. ceranae ORFs (NcORF-12, NcORF-17, NcORF-18, NcORF-38, 
NcORF- 42 and NcORF-44) and those proteins are not likely to be secreted 
extracellularly. Moreover, NcORF-38 carries a putative mitochondrial signal 
which may direct the protein to the mitochondrion (see Fig. 1-5). Furthermore, the 
presence of the transmembrane domains in N. ceranae ORFs (Table 3-2) 
suggests that these proteins are more likely to stay embedded in the membrane 
and play transportation and/or sensing functions rather than being secreted 
outside the cell in order to directly interact with the host. However, the presence 
of only one such domain (in e.g. NcORF-42 and NcORF-44), may constitute an 
anchor for the membrane proteins, which may be facing the extracellular matrix, 
and those proteins might still interact with its host. Taken together, the lack of 
TMs in N. ceranae protein structures (or the presence of only one TM) and the 
presence of the SP, make them ideal effector candidates for further investigation. 
Moreover, a set of un-annotated ORFs, which do not show any motif similarity or 
homologs in available databases, may constitute proteins unique to N. ceranae 
and contribute to its pathogenicity thus they should be the subject of future 
investigation. 
Bioinformatics analysis of N. ceranae secretome identified five putative spore wall 
proteins (section 3.4.1.2; Table 3-2). SWPs have been well characterised in other 
microsporidians, such as E. cuniculi (Brosson et al., 2006; Peuvel-Fanget et al., 
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2006; Southern et al., 2006, 2007; Xu et al., 2006), E. intestinalis (Hayman at al., 
2001), E. hellem (Polonais et al., 2010) or N. bombycis (Chen et al., 2013b; Li et 
al., 2009, 2012a; Wu et al., 2008) and have been found both in endo- and 
exospore. SWPs mediate the release of the polar tube by rupturing the spore wall 
(Peuvel-Fanget et al., 2006; Southern et al., 2007) and they protect the rest of 
the spore against expansion during extrusion of the polar tube when pressure is 
created to expel the nuclei and sporoplasm (Frixione et al., 1992) (refer to section 
1.2.3). The interest in studying SWPs has come from the identification of their 
role in spore adhesion and host cell invasion (Li et al., 2009; Southern et al., 
2007). Such interactions are mediated by the presence of the heparin binding 
motifs in SWPs and such putative HBMs have been identified in N. ceranae 
proteins NcORF-2 (section 3.4.1.2.1) and NcORF-8 (section 3.4.1.2.2), 
suggesting their role in the adhesion process. A high number of HBMs (one 
HBM1 and six HBM2) in N. ceranae NcORF-2 may have an impact on its binding 
capabilities, but whether NcORF-2 has any effect on spore binding affinity will 
have to be tested experimentally. Moreover, a high number of cysteines identified 
in E. cuniculi EnP1 and EnP2, which are involved in formation of disulphide 
bridges (Martelli et al., 2002), are thought to have structural, protective and 
invasive functions (Southern et al., 2007) and have been hypothesised to play an 
important role in the assembly of the spore wall (Peuvel-Fanget et al., 2006). 
N. ceranae NcORF-2, which shows homology to EnP1 (Fig. 3-1, section 
3.4.1.2.1), has more cysteines (28) in its structure than E. cuniculi EnP1 (23 
cysteines) or E. intestinalis EnP1 (25 cysteines), therefore it may be hypothesised 
that NcORF-2 could play similar roles in N. ceranae spores. Putative N. ceranae 
SWP should also be experimentally investigated for interactions with the polar 
tube proteins, as exosporal protein SWP5 in N. bombycis, which shows homology 
to NcORF-21 (section 3.4.1.2.3), has been shown to interact with the components 
of a microsporidian polar tube (Li et al., 2012). The lack of heparin binding motifs 
in NcORF-21, NcORF-37 (section 3.4.1.2.4) and NcORF-41 (section 3.4.1.2.5) 
suggests that they may not take part in the interactions with the host through 
binding to its surface glycosaminoglycans, but may rather play structural 
functions. Moreover, N. ceranae NcORF-41 may be associated with the spore 
cell surface, as it has one predicted TM.  
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Microsporidian SWPs have been shown to play critical roles in the host invasion 
process through heparin interaction motifs and their binding to host GAGs and   
N. ceranae SWPs may play similar roles. Moreover, N. ceranae NcORF-8, 
predicted to be a lectin, may be implicated in other cellular processes such as 
growth, morphogenesis, mating, defence, host recognition or pathogenesis 
(Varrot et al., 2013).  
Two N. ceranae ORFs were identified with potential GPI-modification sites, 
NcORF-28 and NcORF-29. There are no functional annotations available for 
these ORFs, however NcORF- 28 has a homologue in N. apis and both ORFs 
have predicted transmembrane domains (see Table II-1 in Appendix II). Addition 
of a glycolipid moiety, glycophosphatidylinositol (GPI), occurs at the C-terminal 
end of a protein (the amino acid where the attachment takes place is called 
ω- site) and it is a common post-translational modification of proteins destined to 
organelles of the secretory pathways and to extracellular spaces (Cole and Hart, 
1999; Eisenhaber et al., 1999; Takeda and Kinoshita, 1995). These proteins 
become embedded within the plasma membranes via the GPI anchor and such 
modification often determines protein function (Blom et al., 2004; Paulick and 
Bertozzi, 2008). GPI-anchored proteins play an important role in many cellular 
functions, such as cell adhesion, communication between the cells and signal 
transduction (reviewed in: Paulick and Bertozzi, 2008). In some organisms, such 
as trypanosomes, proteins attached to GPI are essential for the parasite`s 
viability (Lillico et al., 2003) and interactions with the host immune system 
(Gazzinelli et al., 1997), therefore they have become a target for therapeurics 
(Ferguson et al., 1999). N. ceranae ORFs with the putative GPI sites were not 
further investigated in this study, but they constitute good candidates for future 
studies of proteins putatively associated with the cell membranes.  
Bioinformatics tools provide a great aid in initial annotation of proteins, however 
it is not sufficient to address the biological function of a gene and protein only by 
its sequence, and it is necessary to perform in vitro and in vivo experimental 
validation by application of downstream “omics” approaches. 
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3.5.2. Phenotypic screening of S. cerevisiae strains expressing N. ceranae 
proteins 
A library of N. ceranae secretome was generated to provide a molecular tool that 
could be successfully used to characterise N. ceranae secreted proteins and 
provide deeper insight into their function. I assayed N. ceranae proteins for their 
ability to affect S. cerevisiae BY4741 growth. The visual screens revealed that 
four N. ceranae proteins caused inhibition of S. cerevisiae growth. Expression of 
NcORF-17, a putative ATP/ADP transporter (Fig. 3-7), showed moderate growth 
inhibition, whereas N. ceranae NcORF-15 (a putative thioredoxin), NcORF-18w 
(a mechanosensitive ion channel expressed without a SP) and NcORF-21 (a 
putative SWP) only slightly impaired S. cerevisiae growth. This may be the effect 
of the protein itself or heterologous expression of the protein in large amounts 
due to the use of a high copy plasmid. Also, expression of putative building blocks 
of a microsporidian spore wall (NcORF-21) could interfere with the assembly of 
the yeast cell wall. However, no morphological changes in yeast cells has been 
detected in any of the S. cerevisiae strains expressing N. ceranae proteins, but 
yeast physiology might have been changed in such a subtle manner that it was 
impossible to visually identify any phenotypes. 
Utilisation of an automated, high-throughput screen using a ROTOR HDA robot 
(Singer Instruments) allowed phenotypic screening of the whole N. ceranae 
library in a fast and effective manner. The screen revealed clear phenotypes on 
three out of 17 used conditions: caffeine, ethanol and sodium chloride (Table 
3- 9). Caffeine sensitivity was exhibited by seven strains, ethanol sensitivity 
showed five strains, whereas sodium chloride sensitivity was identified only in 
one strain expressing N. ceranae protein.   
Caffeine is generally associated with defects in MAP kinase signalling pathway 
(MAPK pathway) (Hampsey, 1997) or protein metabolism (Yoshikawa et al., 
2009). MAPK pathways are responsible for regulation of a range of cellular 
processes which are stimulated both by extracellular and intracellular stimuli, 
such as pheromones, low nitrogen levels, response to osmotic or hypotonic 
stress (Fig. 3-14), growth stimuli and apoptosis (van Drogen and Peter, 2001; 
Schwartz and Madhani, 2004). Extracellular stimuli lead to activation of the MAP 
kinase components and mediate downstream responses: MEKK (or MAPKKK) 
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activates MEK (MAPKK), MEK activates MAPK, which in turn can affect many 
processes (van Drogen and Peter, 2001; Schwartz and Madhani, 2004) (Fig. 
3- 14). Those three kinases constitute the core of the classical MAPK pathway 
and are common for all eukaryotes (van Drogen and Peter, 2001). Apart from 
inhibiting the MAPK pathway, caffeine is a common inhibitor of cAMP 
phosphodiesterase (Liao and Thorner, 1981) and its inhibitory properties have 
also been shown in TORC1 signalling pathway (Rallis et al., 2013; Reinke et al., 
2006; Wanke et al., 2008).  
 
 
Fig. 3-14. Overview of core MAP kinase components in yeast. Extracellular 
stimuli activate MAP kinase components mediating downstream responses. 
MEKK (or MAPKKK), activates MEK (MAPKK) which in turn activates MAPK. 
Figure adapted from van Drogen and Peter (2001). 
 
Sodium chloride sensitivity is associated with defects in the cell wall or 
cytoskeleton (Hampsey, 1997) and in our screen it affected S. cerevisiae strains 
expressing NcORF-5, a putative Hsp70 (Fig. 3-10). Heat shock proteins are 
implicated in a variety of cellular processes, such as regulation of protein folding, 
protein transport, protein degradation and activation, signal transduction, stress 
tolerance and DNA replication, and they usually assist other proteins in 
performing their functions (Zylicz and Wawrzynow, 2001; Mayer and Bukau, 
2005; Taipale et al., 2014). Their secretion has been especially well characterised 
in cancer cells (Calderwood et al., 2012; Chen et al., 2010; Li et al., 2012b; Nirde 
et al., 2008), however secretion of Hsp70 in microsporidia has just recently been 
described in S. lophii (Campbell et al., 2013) but its role is still unknown and is to 
be elucidated.  
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Ethanol sensitivity is often associated with general protein defects (Hampsey 
1997; Zylicz and Wawrzynow 2001; Mayer and Bukau, 2005; Taipale et al., 2014; 
Yoshikawa et al., 2009) and was exhibited by five strains expressing NcORF-1 
(a protein of unknown function), NcORF-17 (an ATP/ADP transporter), 
NcORF- 18w (an ion channel), NcORF-39 (encodes a helicase domain) and 
NcORF41 (a putative SWP).  
Sensitivity of S. cerevisiae strains expressing N. ceranae proteins, suggests that 
N. ceranae proteins may function in processes and pathway affected by those 
conditions, such as implication in cell wall/membrane protective functions, signal 
transductions related to MAP kinase pathway and any step of protein metabolism, 
or N. ceranae proteins may enhance the toxicity of a chemical resulting in 
reduced yeast growth. More experiments have to be performed in order to 
elucidate the exact role of Nosema proteins, however NcORF-17, NcORF-18 and 
NcORF-42 have lost their SP and therefore these proteins have been excluded 
from our list of N. ceranae secretome. 
Localisation of a protein within the cell can help in determining its role. The 
fluorescence mnicroscopy identified 44 S. cerevisiae strains expressing EGFP-
tagged N. ceranae proteins (Appendix IX). Four distinct phenotypes were 
distinguished, depending on where and how the protein of interest was localising 
(Table 3-8), with the punctuate phenotype being the predominant, followed by the 
RING phenotype, cytoplasmic localisation and the nuclear protein. Interestingly, 
all five putative N. ceranae SWPs, when expressed with their signal peptides, 
translocate to the yeast cell periphery (Fig. 3-11.A). However, this localisation 
disappeared when the signal peptide was not expressed (apart from 
NcORF- 21w, which is still able to exhibits a ring phenotype; Fig. 3-11.B), 
suggesting that the N. ceranae signal peptides are indeed recognised by the 
yeast machinery and direct the proteins towards the surface of the cell. Moreover, 
the phenotypic screening revealed that two strains expressing putative 
N. ceranae proteins, NcORF-21 and NcORF-41, were caffeine sensitive and 
S. cerevisiae∴NcORF-41 strain also showed ethanol sensitivity. Both caffeine 
and ethanol can affect the processes of the cell wall assembly, thus based on the 
phenotypic screen it can be hypothesised that bioinformatics predictions for 
NcORF-21 and NcORF-41 could be reliable and both proteins could indeed 
encode the spore wall proteins.  
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More putative SWPs could be present in N. ceranae genome, but it has not been 
explored outside of our list of 46 secreted proteins (Table II-1 in Appendix II). 
Moreover, it should be noted that the identification of SWPs should not be 
narrowed down to N. ceranae secretome only, as microsporidian SWPs do not 
always have a signal peptide (Chen et al., 2013b). For example, based on the 
bioinformatics analysis and the phenotypic screen phenotypes it could be 
hypothesised that NcORF-42 may be a novel N. ceranae spore wall protein. 
S. cerevisiae∴NcORF-42 strain did exhibit the RING phenotype (Fig. 3-12) and it 
did show caffeine sensitivity (Fig. 3-8), as did NcORF-21 and NcORF-41. 
Moreover, NcORF-42 has no predicted signal sequence in its protein structure 
and has one predicted HBM1 characteristic for SWPs (Fig. 3-13). However, all 
putative N. ceranae SWPs functions (structural, adhesive and direct stimulation 
of the infection process) should be validated experimentally, ideally in its 
homogenous host.  
Nuclear localisation of N. ceranae proteins has been identified in two strains, 
S. cerevisiae∴NcORF-4w and S. cerevisiae∴NcORF-36w, and the former strain, 
expressing a predicted proteasome beta subunit, will be taken for further 
investigation (see Chapter Five). NcORF-36 structure was identified with the 
DAZAP2 domain, has no predicted TMs and expression of NcORF-36w shows 
close association with the nucleus (Table 3-8; Fig. IX-1 in Appendix IX). 
Moreover, an NLS prediction tool, cNLS-Mapper (Kosugi et al., 2009; available 
at: http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) did predict a 
potential monopartite nuclear localisation signal (NLS) in its amino acid sequence 
(starting at position 276-SNRKRRKNY with score = 11), and thereby is an 
interesting effector candidate for future investigations. However, due to the lack 
of phenotypes and time restriction, NcORF-36 will not be investigated further in 
this study.  
Genes associated with adaptation to the pathogenic lifestyle are of special 
interest in drug development, as their targeting could eliminate or at least weaken 
the parasite. In microsporidia, it has been suggested that some such genes could 
have been acquired by horizontal gene transfer (HGT) and candidate proteins, 
hypothesised to originate from other organisms, have been identified (Selman 
and Corradi, 2011; Selman et al., 2011). Two N. ceranae proteins, NcORF-1 and 
NcORF-19, show high similarity to a bacterial and a yeast protein, respectively, 
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with domains of unknown functions (see Table II-1 in Appendix II). Both proteins 
do not have homologs in N. apis, therefore they may be unique for N. ceranae 
and its pathogenicity. Expression of NcORF-19 (both with and without a SP) did 
not cause any phenotypes in S. cerevisiae, however expression of NcORF-1 
showed ethanol and caffeine sensitivity (when expressed with and without a SP, 
respectively). However, functions of NcORF-1 and NcORF-19, and whether they 
were acquired by the horizontal gene transfer, requires further investigation. 
 
3.5.3 S. cerevisiae with no phenotypes 
In total, 86 S. cerevisiae strains expressing putative N. ceranae secreted proteins 
were made and taken for further analysis. Phenotypic screens revealed 
phenotypes only on four conditions (summarised in Table 3-9) and the 
fluorescence microscopy showed expression of 44 N. ceranae proteins 
(summarised in Table 3-8; Appendix IX), whereas the remaining 42 strains did 
not show any GFP expression. To maximise protein expression, yeast codon 
optimisation techniques could be used and it has been shown that this step may 
indeed increase expression yields (Burgess-Brown et al., 2008; Tanaka et al., 
2014). However, this step was omitted due to a large number of genes intended 
to be cloned into Gateway® vectors and due to assumption that there should not 
be any detrimental effects on the protein expression, as both organisms 
(S. cerevisiae and N. ceranae) are eukaryotes and, what is more, both belong to 
the Kingdom of fungi.  
Heterologous expression of the protein may also be associated with formation of 
inclusion bodies due to excess of proteins being expressed (Ramón et al., 2014). 
Therefore, the choice of an appropriate plasmid (low or high copy number), may 
sometimes significantly influence the end product of protein expression. Also, the 
lack of GFP expression could be an effect of the reporter protein itself. The GFP 
tag used, in this study, is relatively big (~27 kDa) and could affect protein folding 
or cause protein aggregates, thus inhibit expression of the fusion proteins (Hink 
et al., 2000). Additionally, the model organisms, such as S. cerevisiae, may not 
have the appropriate machinery carrying out the post-translational modifications, 
thereby expressed foreign proteins may not become fully functional. Furthermore, 
heterologous proteins may not be correctly folded in the S. cerevisiae cells, 
thereby affecting their function and/or localisation, or proteins with a virulent 
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function may function and be recognised only within its native host cell (Ciplys et 
al., 2011).  
Secretion of effectors into the medium is well characterised in pathogens such as 
bacteria. For example, acetyltransferases have been identified in a number of 
bacterial species and they have been shown to affect a variety of cellular 
processes, both by exploiting and inhibiting host cellular components (Lee et al., 
2012; Mittal et al., 2010; Wang et al., 2010). A homolog of acetyltransferase has 
been identified in N. ceranae secretome (NcORF-14), unfortunately it did not 
cause any phenotypes when expressed in S. cerevisiae nor was GFP expressed, 
and therefore it was not subjected to any further experiments. 
Until now, secretion of virulence factors has not been experimentally studied in 
N. ceranae. This study initiated the generation of a N. ceranae secretome library, 
which constitutes an important molecular tool for characterisation of predicted 
N. ceranae effector proteins. In the next two chapters, three N. ceranae effector 
candidates will be further characterised by application of more detailed 
bioinformatics analysis, followed by functional assays in a heterologous host.  
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Chapter 4  
 
Functional assessment and co-localisation of N. ceranae 
NcOR-15 (NcORF-02039), a putative thioredoxin, and 
NcORF-16 (NcORF-01159), a putative hexokinase, in 
S. cerevisiae  
 
4.1. OVERVIEW 
Leading an intracellular lifestyle is associated with constant exposure to the 
host`s immune response such as the production of reactive oxygen species 
(ROS) (Igboin et al., 2012; Nappi et al., 1995; Nappi and Vass, 1998). Therefore, 
parasitic dwellers must develop strategies facilitating their invasion, proliferation 
and survival. Many pathogens have evolved the ability to secrete toxins (Young 
and Collier, 2007) or effector proteins (Tseng et al., 2009) and recent studies 
suggest that microsporidia could have also developed their own secreted effector 
proteins toolset to promote their infection and manipulation of their host (Cuomo 
et al., 2012; Peyretaillade et al., 2011; Senderskiy et al., 2014).  
The principle aim of this study was to characterise effector proteins hypothesised 
to play an important role in N. ceranae survival and three candidates were 
selected from the generated secretome library (Chapter Three), two of which will 
be described in this section. 
 
A putative thioredoxin NcORF-15 was chosen as the first candidate to investigate 
N. ceranae secreted protein. It has been shown that components of the 
thioredoxin system, responsible among the others  for neutralization of ROS 
(Collet and Messens, 2010), can be important for viability and pathogenicity in 
organisms, such as rice blast fungi (Fernandez and Wilson 2014), yeast (Missall 
and Lodge, 2005) and bacteria (Windle, 2000; Comtois, 2003), making 
components of the thioredoxins system potential drug targets. Moreover, 
identification of a thioredoxin in medium from the microsporidian S. lophii spores  
implicates an important role of this protein during and upon spore germination in 
microsporidia (Campbell et al., 2013).  
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The second candidate, a putative N. ceranae hexokinase NcORF-16, was 
chosen for two reasons. Firstly, the presence of a signal peptide (SP) in its amino 
acid sequence is considered a unique feature of microsporidian hexokinases 
(Cuomo et al., 2012). Secondly, hexokinase mediates phosphorylation of hexose 
to hexose-6-phosphate. If a hexose is glucose, it is phosphorylated to glucose-6-
phosphate (G6P) which is a substrate for the Embden-Meyerhof-Parnas (EMP) 
pathway, also known as glycolysis (Barnett, 2003) (Fig. 4B; Fig. VIII-3 in 
Appendix VIII). Therefore, it has been hypothesised that microsporidian 
hexokinases gained SP to either get direct access to host energy sources or alter 
host metabolism in order to facilitate their growth (Balla and Troemel, 2013; 
Senderskiy et al., 2014). By taking advantage of the yeast secretion trap (Cuomo 
et al., 2012) and the Pichia pastoris system (Senderskiy et al., 2014), it has been 
shown that microsporidan (N. ceranae and A. locustae, respectively) signal 
peptides are recognised by yeast machinery and a recent study on Antonospora 
(formerly Paranosema) locustae (Senderskiy et al., 2014) has proven that the 
microsporidian hexokinase can be secreted extracellularly.  
 
A reverse genetics approach utilising S. cerevisiae was employed in order to 
study putative N. ceranae thioredoxin and hexokinase. Both proteins were 
subjected to characterisation by available bioinformatics tools, followed by 
functional complementation and localisation assays. Due to the presence of a 
thioredoxin-like domain with a predicted catalytic site, NcORF-15 was examined 
only for its reducing properties in an oxidative environment. Its expression did 
rescue S. cerevisiae Δtrx2 phenotype implying an important role of NcORF-15 in 
ROS detoxification. However, NcORF-16 did not complement yeast hexokinase 
in YSH7.4-3C strain, a triple knockout for HXK1, HXK2 and GLK1, suggesting 
that NcORF-16 has no sugar-related enzymatic activity. 
 
4.1.1. Thioredoxin system 
All organisms are exposed to a range of extra- and intracellular stresses. Hence, 
to avoid any cellular defects and protein modifications they have evolved a 
number of machineries to adapt to stressful conditions, such as an oxidative 
stress (Herrero et al., 2008; Wheeler and Grant, 2004). Amino acids are prone to 
oxidation by reactive oxygen species (ROS) e.g. hydrogen peroxide (H2O2) 
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including free radicals (e.g. hydroxyl radical -OH, singlet oxygen O2., superoxide 
anion O2.-), and RNS (reactive nitrogen species; derivatives of nitric oxide NO) 
which are powerful oxidants. Both ROS and RNS can be derived from either 
extracellular sources, intracellular production by the cell components or upon 
exposure to irradiation such as UV or X-rays (Herrero et al., 2008). 
Regardless of the ROS and RNS sources, oxidative stress causes cell damage 
and protein modifications (Stadtman and Levine, 2003), with amino acids 
containing sulphur (a thiol/sulphydryl group -SH) being favoured for oxidation 
(Herrero et al., 2008). Organisms have developed systems responsible for 
maintaining redox homeostasis and neutralisation of oxidants, and very often 
those strategies overlap in function (Grant, 2001; Herrero et al., 2008; Wheeler 
and Grant, 2004). In yeast, three systems play a crucial role in ROS 
detoxification: superoxide dismutases (SODs), catalases and peroxidases 
(Herrero et al., 2008). SODs catalyse conversion of superoxide anion to hydrogen 
peroxide, while catalases reduce hydrogen peroxide. Peroxidases, which consist 
of glutathione peroxidases (GPXs) and thioredoxin peroxidases (peroxiredoxins), 
protect against oxidative and nitrosative stress employing glutathione (GSH) and 
thioredoxins (TRXs) as reductants, respectively. Peroxidases use conserved 
active site cysteine thiols, hence their requirement for electron donors. 
Additionally, small antioxidant molecules such as glutathione (GSH), ascorbate, 
vitamin E have also been associated with oxidants neutralisation  (Herrero et al., 
2008). 
Thioredoxins are small, ubiquitous thiol-disulfide oxidoreductases (Holmgren, 
1989) and they are important in a range of cellular processes such as protection 
against oxidative and reductive stress, regulation of programmed cell death, 
inflammatory response (Collet and Messens, 2010). Moreover, they can regulate 
a range of other proteins e.g. thioredoxin peroxidases, 3`-phosphoadenosine 
5`- phosphosulfate reductase (PAPS), ribonucleotide reductase, hexokinase II 
and some proteins in E. coli and plant (Gómez-Pastor et al., 2013; Herrero et al., 
2008). 
Yeast S. cerevisiae has three TRXs: two cytosolic, Trx1 and Trx2 (Gan, 1991), 
and one mitochondrial, Trx3 (Pedrajas et al., 1999), which protect yeast against 
oxidative stress (Trotter and Grant, 2002) and modulate the redox homeostasis 
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of the cell  (Herrero et al., 2008), and at least one thioredoxin (Trx1 or Trx2) is 
required to maintain this state (Drakulic et al., 2005). Deletion of both cytosolic 
TRXs (Trx1 and Trx2) is not lethal, however the cells exhibit longer S phase and 
are auxotrophic for methionine (Muller, 1991). In cases where ROS are derived 
from within the cells, TRXs (and TRX reductases) form two separate systems, 
namely cytosolic (Trx1/Trx2) and mitochondrial (Trx3) (Pedrajas et al., 1999). 
During external sources of oxidative stress, TRX2 plays crucial role in ROS 
detoxification (Garrido and Grant, 2002) and deletion of TRX2 creates strains 
hypersensitive to oxidative stress (Kuge and Jones, 1994). TRX2 is also 
important in response upon reductive stress such as DTT (Trotter and Grant, 
2002). Moreover, activity of TRXs is mediated  by several transcription factors, 
such as Yap1p (Izawa et al., 1999) belonging to the Yap-βZIP (Yeast Activator 
Proteins) family (Kuge and Jones 1994; Fernandes et al., 1997), which is highly 
induced upon oxidative stress (Godon et al., 1998).  
A number of crystal structures of bacterial (Holmgren et al., 1975; Saarinen et al., 
1995), human (Weichsel et al., 1996), yeast (Bao et al., 2007) and plant (Finnie 
et al., 2008) thioredoxins are known, either in oxidised or reduced forms, or both. 
The thioredoxin sequence and the tertiary structure are highly conserved, 
however their quaternary structures differ. They usually function as monomers, 
but may also create dimers (Bao et al., 2007). The TRX structure consists of five 
β-sheets and four α-helices (Holmgren et al., 1975) and the TRX-fold also occurs 
in glutaredoxins (GRXs), protein disulphide isomerases, disulphide oxidases, 
glutathione transferases, glutathione peroxidases (GPXs) and chloride 
intracellular channels (CLIC) (Martin 1995; Collet and Messens, 2010). A 
common feature of proteins with a TRX-fold is a canonical C-X-X-C motif (Collet 
and Messens, 2010), with Cys-Gly-Pro-Cys in thioredoxins (Martin, 1995). Apart 
from two cysteines, crucial for the catalytic properties of a protein (Collet and 
Messens, 2010), a number of other residues important for thioredoxin structure 
and catalytic activity have also been described (Collet and Messens, 2010) (Table 
4-2). 
In spite of a reducing environment within the cell, TRXs are able to form a 
disulphide bond which is exposed to the surface of the protein and functions as 
a ”redox switch” (Wouters et al., 2010). The catalytic reaction consists of a 
transfer of an electron from a TRX to an oxidised protein (substrate protein) 
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reducing its disulphide bond, which is important for folding and protein stability 
(Collet and Messens, 2010). This is mediated by a thioredoxin reductase (TrxR), 
utilisation of nicotinamide adenine dinucleotide phosphate (NADPH) (Holmgren, 
1989) (Fig. 4A), and is additionally aided by the changes in thermodynamics and 
kinetics of the protein (Collet and Messens, 2010).  
 
 
4.1.2. Hexokinase  
Hexokinases (ATP:D-hexose 6-phosphotransferase; EC 2.7.1.1) belong to 
phosphotransferases, the kinase family. They catalyse phosphorylation of a 
hexose to hexose-6-phosphate in the ATP-dependent manner, which is the first 
step of glycolysis (Fig. 4B; Fig. VIII-3 in Appendix VIII). They are able to 
phosphorylate different hexoses including: D-fructose (fru), D-mannose (man), 
glucosamine or D-glucose (glc) but not D-galactose (gal) (Barnett, 2003). 
Yeast S. cerevisiae has three isoenzymes of hexokinase: hexokinase 1 (Hxk1), 
hexokinase 2 (Hxk2) (both specific for keto- and aldo-sugars) and glucokinase 1 
(Glk1) (highly specific for aldo-sugars) (Walsh et al., 1983). Hxk1 and Glk1 occur 
predominantly in cytosol, while Hxk2 is associated both with cytoplasm and the 
nucleus (Herrero et al., 1998). To date, crystal structures of all three enzymes 
have been determined (Kuser et al., 2000, 2008; Mahalingam et al., 1999), with 
sequences showing 76% homology between S. cerevisiae Hxk1 and Hxk2 (Kuser 
et al., 2000).  
Hexokinase is a monomer that comprises of 14 alpha helices, 13 beta strands 
and three 310-helices divided into two domains: smaller C- (residues 77-211 and 
458-486) and larger N- (residues 13-76 and 212-457). Larger domain is built from 
6 beta sheets (β1, β9, β10, β11, β12 and β13) and a few alpha helices, whereas 
smaller domain consists of 5 beta sheets (β2, β3, β4, β5 and β8), 3 helices and 
additional antiparallel beta sheets (β6 and β7) (Kuser et al., 2000). The two 
halves of the hexokinase complex are divided by a central cleft (Bennett and 
Steitz, 1978; Kuser et al., 2000), which upon binding to glucose (hexokinase main 
substrate) undergoes conformational changes and the cleft closes, hiding the 
active cite within its structure (Bennett and Steitz, 1978; Kuser et al., 2000; Lilie 
et al., 2011). Inside, glucose is phosphorylated to glucose-6-phosphate (Glu-6-P) 
in an ATP manner. Such phosphorylated glucose molecule is unable to migrate 
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outside and is captured within the cell (Kuser et al., 2000; Lilie et al., 2011). 
Hexokinase is a great example of induced fit model, as binding of glucose is 
essential for its catalysis and change of conformation (Lilie et al., 2011). 
Additionally, catalytic region and binding sites for glucose and ATP, which are 
crucial for hexokinase functions (summarised in Table 4-3), are highly conserved 
between different homologs of hexokinases (Kuser et al., 2000). 
Glucose is the preferred carbon and energy source for organisms (Conrad et al., 
2014) and thus the main ligand for hexokinase (Bennett and Steitz, 1978). In the 
presence of glucose, Hxk2 is the predominant hexokinase in S. cerevisiae 
(Gancedo et al., 1977). It localises predominantly to the cytoplasm, however 
some Hxk2 can localise to the nucleus (Herrero et al., 1998). Its translocation to 
and from the nucleus is mediated by its phosphorylation at Ser14 and inside the 
nucleus it becomes a substrate for Snf1 (Behlke et al., 1998; Fernandez-Garcia 
et al., 2012; Kriegel et al., 1994). Apart from glucose sensing and its 
phosphorylation, Hxk2 is also involved in transcriptional repression of glucose 
repressing gene in high glucose environment (e.g. SUC2 and hexose 
transporters) (Trumbly, 1992; Peláez et al., 2010; Moreno et al., 2005; Belinchón 
and Gancedo, 2007). This process is Mig1-mediated (Ahuatzi et al., 2004) and 
requires α/β-importins (Peláez et al., 2009, 2012). Due to its dual function, Hxk2 
is often classified to so called “moonlighting proteins” (Huberts and van der Klei, 
2010). 
 
 
Effector proteins can affect a range of host`s cellular pathways and this can lead 
to negative consequences for the host. However, the secretion of these proteins 
constitutes one of many strategies facilitating the pathogen`s invasion and 
survival. Therefore, further investigations are needed in order to elucidate the 
functions and mode of action of effectors candidates, as these could be potential 
drug targets. 
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Fig. 4. Hypothetical biochemical pathways for N. ceranae hexokinase and 
thioredoxin. A. Reduction of oxidised proteins by N. ceranae thioredoxin (Trx). 
The reaction consists of a transfer of an electron from a Trx to an oxidised protein 
reducing its disulphide bond. This is mediated by a thioredoxin reductase (TrxR) 
and utilisation of nicotinamide adenine dinucleotide phosphate (NADPH). B. The 
presence of a signal peptide (SP) in a microsporidian hexokinase (HXK) directs 
it upon infection into the host, where it could directly interact with host`s anabolic 
metabolism for its own benefits. Adapted from Collet and Messens (2010), and 
Cuomo et al. (2012). 
 
4.2. AIMS 
The purpose of this chapter was to characterise two N. ceranae proteins using 
bioinformatics approach combined with utilisation of commercially available yeast 
knockout (Open Biosystems) and yeast GFP libraries (Life Technologies). The 
principle targets were to: 
1. Characterise a putative N. ceranae thioredoxin (NcORF-15) and a 
hexokinase (NcORF-16) utilising available bioinformatics tools, 
2. Assess functionality of NcORF-15 and NcORF-16 by using yeast 
complementation assays, 
3. And localise gene products of NcORF-15 and NcORF-16 in S. cerevisiae 
 GFP strains. 
A. 
B. 
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4.3. METHODS 
 
4.3.1. Bioinformatics analysis 
Bioinformatics tools are described in Materials and Methods (section 2.1). 
 
 
4.3.2. Yeast strains 
All pENTRY and pDEST vectors for N. ceranae putative thioredoxin and 
hexokinase were generated according to the Gateway® protocol (as described 
in Materials and Methods, section 2.2.9). All yeast strains used for the purposes 
of this chapter are listed in Table 4-1. Sections A list strains used in the 
thioredoxin assays, whereas strains from section B were used in the hexokinase 
assays.  
 
 
4.3.3. Yeast complementation assays 
Strains were grown in 5 ml of selective medium until late log phase (OD595 = 
1- 1.5). OD595 was measured using a Jenway 7305 spectrophotometer, cultures 
were diluted in sterile water to OD595=0.1 and 10-fold serial dilutions were 
performed. In a thioredoxin screen, 4 µl of cells were plated onto CSM plates 
containing 0.3 mM and 0.4 mM tBOOH (used instead of H2O2 as it is more stable), 
while a hexokinase screen was performed on CSM supplemented with 100 mg/L 
of adenine and either 2% w/v D-glucose, 2% w/v galactose or 2% w/v raffinose 
as the sole carbon source. Plates were incubated for 3-5 days at 30° and images 
were taken using a G:BOX (Syngene). Two pDEST vectors were used for the 
expression of NcORF-16w in S. cerevisiae YSH7.4-3C, pAG426GPD-
NcORF16w.a and pAG426GPD-NcORF16w.b. 
 
 
4.3.4. Fluorescent microscopy 
Strains were grown in 5 ml of selective medium until middle log phase (OD595 ≈ 
1), centrifuged and washed with PBS. Cells were checked with Axiophot 
Epifluorescent microscope (Zeiss) and image analysis was performed with 
ImageJ (http://imagej.net/). 
 
                                                                        Chapter 4: Putative N. ceranae thioredoxin and hexokinase 
 
129 | P a g e  
 
Table 4-1. Yeast strains used in characterisation of NcORF-15 and 
NcORF- 16. A. S. cerevisiae strains used in thioredoxin assays. B. S. cerevisiae 
strains used in hexokinase assays. 
B.    
W303-1A 
Parental strain for 
YSH7.4-3C 
MATa  leu2-3, 112 ura3-1 
trp1-1 his3-11, 15 ade2-1 
can1-100,  GAL SUC2; 
A gift from the 
Thevelein`s lab, 
Belgium 
(Thomas and 
Rothstein, 1989) 
YSH7.4-3C 
(ΔΔΔ) 
Derived from 
S. cerevisiae 
W303-1A 
MATa  leu2-3, 112 ura3-1 
trp1-1 his3-11, 15 ade2-1 
can1-100,  GAL SUC2; 
hxk1Δ::HIS3 hxk2Δ::LEU2 
glkΔ::LEU2 
A gift from the 
Thevelein`s lab, 
Belgium 
(De Winde et al., 
1996) 
YSH7.4-3C 
∴  
NcORF16 
Derived from 
S. cerevisiae 
W303-1A; 
NcORF-16 expressed 
from pAG426GPD-
ccdB 
MATa  leu2-3, 112 ura3-1 
trp1-1 his3-11, 15 ade2-1 
can1-100,  GAL SUC2; 
hxk1Δ::HIS3 hxk2Δ::LEU2 
glkΔ::LEU2 ∴ NcORF-16 
∴ URA3 
 
This study 
YSH7.4-3C 
∴ 
NcORF16w.a 
Derived from 
S. cerevisiae 
W303-1A; 
NcORF-16w(I) 
expressed from 
pAG426GPD-ccdB 
MATa  leu2-3, 112 ura3-1 
trp1-1 his3-11, 15 ade2-1 
can1-100,  GAL SUC2; 
hxk1Δ::HIS3 hxk2Δ::LEU2 
glkΔ::LEU2 ∴ NcORF-16.a 
∴ URA3 
This study 
Yeast strain Description Genotype Origin 
A.    
Sc BY4741 
Derived from 
S. cerevisiae S288C 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0 
Open Biosystems 
(Giaever et al., 
2002) 
Sc Δtrx2 
Derived from 
S. cerevisiae S288C 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, 
trx2Δ::KanMX 
Yeast KO library, 
Open Biosystems 
(Giaever et al., 
2002) 
Δtrx2 ∴ 
NcORF15 
Derived from 
S. cerevisiae Δtrx2; 
NcORF-15 expressed 
from pAG426GPD-ccdB 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, 
trx2Δ0::KanMX ∴ 
NcORF-15 ∴ URA3 
This study 
Δtrx2 ∴ 
NcORF15w 
Derived from 
S. cerevisiae Δtrx2; 
NcORF-15w.b 
expressed from 
pAG426GPD-ccdB 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, 
trx2::KanMX ∴ 
NcORF-15w ∴ URA3 
This study 
Sc Trx3-GFP 
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
TRX3-GFP 
Yeast GFP 
Library, Life 
Technologies 
(Huh et al., 2003) 
Trx3-GFP∴ 
Nc15-DsRED 
Derived from 
S. cerevisiae Trx3-GFP; 
NcORF-15 expressed 
from 
pAG426GPD-ccdB-
DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
TRX3-GFP ∴ 
NcORF-15-DsRED 
∴ URA3 
This study 
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YSH7.4-3C 
∴ 
NcORF16w.b 
Derived from 
S. cerevisiae 
W303-1A; 
NcORF-16w(II) 
expressed from 
pAG426GPD-ccdB 
MATa  leu2-3, 112 ura3-1 
trp1-1 his3-11, 15 ade2-1 
can1-100,  GAL SUC2; 
hxk1Δ::HIS3 hxk2Δ::LEU2 
glkΔ::LEU2 ∴ NcORF-16.b 
∴ URA3 
This study 
Hxk1-GFP 
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
HXK1-GFP 
Yeast GFP 
Library, Life 
Technologies 
(Huh et al., 2003) 
Hxk1-GFP∴ 
NcORF16-
DsRED 
Derived from 
S. cerevisiae 
Hxk1-GFP; 
NcORF-16 expressed 
from pAG426GPD-
ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
HXK1-GFP∴ NcORF-16-
DsRED ∴ URA3 
This study 
Hxk1-GFP∴ 
NcORF16w-
DSRED 
Derived from 
S. cerevisiae 
Hxk1-GFP; 
NcORF-16w 
expressed from 
pAG426GPD-ccdB-
DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
HXK1-GFP∴ NcORF-16w-
DsRED ∴ URA3 
This study 
Hxk2-GFP 
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
HXK2-GFP 
Yeast GFP 
Library, Life 
Technologies 
(Huh et al., 2003) 
Hxk2-GFP∴ 
NcORF16-
DsRED 
Derived from 
S. cerevisiae 
Hxk2-GFP; 
NcORF-16 expressed 
from pAG426GPD-
ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
HXK2-GFP∴ NcORF-16-
DsRED ∴ URA3 
This study 
Hxk1-GFP∴ 
NcORF16w-
DsRED 
Derived from 
S. cerevisiae 
Hxk2-GFP; 
NcORF-16w 
expressed from 
pAG426GPD-ccdB-
DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
HXK2-GFP∴ NcORF-16w-
DsRED ∴ URA3 
This study 
Glk1-GFP 
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
GLK1-GFP 
Yeast GFP 
Library, Life 
Technologies 
(Huh et al., 2003) 
Glk1-GFP∴ 
NcORF16-
DsRED 
Derived from 
S. cerevisiae 
Glk1-GFP; 
NcORF-16 expressed 
from pAG426GPD-
ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
GLK1-GFP ∴ NcORF-16-
DsRED ∴ URA3 
This study 
Glk1-GFP∴ 
NcORF16w-
DsRED 
Derived from 
S. cerevisiae 
Glk1-GFP; 
NcORF-16 expressed 
from pAG426GPD-
ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
GLK1-GFP ∴ NcORF-16w-
DsRED ∴ URA3 
This study 
 
 
 
Continued from the previous page.  
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4.4. RESULTS 
Bioinformatics tools were utilised to identify any conserved domain in N. ceranae 
proteins: NcORF-15, a putative thioredoxin and NcORF-16, a putative 
hexokinase. Subsequently, homologs of N. ceranae genes were identified in 
microsporidian species and S. cerevisiae S288c (section 4.4.1) in order to find 
and choose the ideal candidate for the functional and localisation assays, which 
were performed by taking advantage of commercially available yeast GFP (Life 
Technologies) and yeast knockout collections (Open Biosystems)(section 4.4.2).  
 
4.4.1. Bioinformatics analysis of N. ceranae ORFs 
 
4.4.1.1. Bioinformatics analysis of a putative thioredoxin NcORF-15 
Publically available databases were explored to look for similarities and 
conserved domains for NcORF-15 (summarised in Fig. 4-1). Phyre2 classified 
NcORF-15 to oxidoreductases and predicted four distinct domains in its structure 
(Fig. 4-2), while BlastP, Pfam and Prosite searches classified N. ceranae ORF to 
a thioredoxin family identifying two thioredoxin-like domains. Canonical 
thioredoxin-specific active sites (with a motif C-x*-C; Table 4-2) were identified 
both by Prosite and BlastP, and the redox active site was identified both by 
Prosite and Phyre2 at position 35-38. NcORF-15 protein has 1 transmembrane 
domain predicted to be at the C-terminal of the protein (TMHMM 2.0) and a 
N- terminal signal peptide (Fig. 4-1).  
 
 
 
 
 
 
 
 
 
 
Fig.4-1.The organisation in domains of N. ceranae NcORF-15. Two C-X-X-C 
motifs are marked with triangles, with red denoting predicted catalytic region 
C- P-A-C, while yellow denotes C-N-N-C motif. NcORF-15 has length of 493 aa 
and it is defined with a ruler. Predictions were performed with BlastP, Prosite, 
Pfam, SignalP 4.1, TMHMM 2.0 and Phyre2. SP – signal peptide, TM – 
transmembrane domain, ER_PDI – Endoplasmic Reticulum protein disulphide 
isomerase, Trx - thioredoxin.  
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Fig. 4-2. Predicted 3D structure of a putative N. ceranae thioredoxin 
NcORF- 15. Amino acid sequence of NcORF-15 (query sequence) was aligned 
to c3apoA template (template sequence), which belongs to oxidoreductase 
subfamily. Helices represent α-helices, arrows β-strands and faint lines denote 
coils. Two active sites C35 and C38 are marked with red arrows. 410 residues 
(83% of the sequence) were modelled with 100% confidence. N- and C-terminus 
of the protein are denoted. Signal peptide is not represented. Structure of 
NcORF-15 was executed with Phyre2 and opened with JSmol. 
 
4.4.1.2. Microsporidian homologs of NcORF-15 
BlastP search was performed to identify N. cerevisiae NcORF-15 homologs from 
Microsporidia phylum. NcORF-15 shows the highest 58% and 51% identity with 
N. apis disulphide isomerase and N. bombycis thioredoxin homologs, 
respectively, with E value ~0 (approx. 1e-250) for both of them. Additionally, 
manual search (using a term “thioredoxin” or “protein disulphide isomerase”) in 
annotations of both N. ceranae and N. apis genomes identified 5 putative 
thioredoxins in N. ceranae (three of them are also annotated as putative protein 
-N 
-C 
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disulphide isomerases PDIs), 3 thioredoxin reductases and 1 thioredoxin 
peroxidase. However, in N. apis there are no genes annotated as a thioredoxin. 
Instead, there are 2 putative PDIs, 2 thioredoxin reductases and 1 thioredoxin 
peroxidase (Table VIII-1 in Appendix VIII). NcORF-15 is a homolog of N. apis 
NAPIS-01117 and both sequences have a predicted signal peptide. Additionally, 
they were classified to the thioredoxin superfamily (classified by Prosite, Pfam 
and BlastP) and have an ER_PDI domain (identified by BlastP). ClustalW2 
alignment of microspordian homologs (executed with 12 first hits from the BlastP 
search) showed numerous conservations in all amino acid sequences, with 50 
highly conserved sites (Fig. 4-3 red boxes; full version in Fig.VIII-1 in Appendix 
VIII) and revealed that the catalytic thioredoxin motif is conserved among all those 
microsporidian homologs. Moreover, an extra C-X-X-C, which has not been 
annotated with a catalytic activity, is also conserved (Fig. 4-3 blue boxes). 
 
 
 
 
Fig 4-3. Fragment of the ClustalW alignment of a putative N. ceranae 
thioredoxin NcORF-15 and its Microsporidian homologs. NcORF-15 was 
screened for homologs by BlastP. ClustalW2 tool (available at EMBL-EBI) was 
used to execute the alignment with the 12 top hits from the search (Fig.VIII-1 in 
Appendix VIII for the full alignment). Thioredoxin-specific sites with a motif 
C- X- X- C are in boxes, with conserved catalytic cysteines marked in red boxes. 
Blue boxes represent cysteines with no previously identified catalytic activities. 
Asterisks denote residues conserved among all sequences, conserved 
substitutions are marked with dots, while semi-conserved substitutions are 
marked with colons. 
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4.4.1.3. Homology of NcORF-15 with S. cerevisiae  
BlastP search identified five NcORF-15 homologs in S. cerevisiae S288c: 
i) protein disulphide isomerase PDI1 (E=3e-07), ii) Trx1p (E=3e-05), iii) protein 
disulphide isomerase EUG1 (E=1e-04), iv) protein disulphide isomerase EPS1 
(E=2e-04) and v) thioredoxin 2 Trx2p (E=3e-04). S. cerevisiae Δtrx2 was chosen 
for subsequent complementation assay (section 4.4.2.1), due to its well 
characterised phenotype on oxidative conditions (Garrido and Grant, 2002; 
Trotter and Grant, 2002) and the strain can be utilised as a single knockout strain 
(Δtrx2), which was available from YKO library (Open Biosystems). Δpdi1 is not 
available from YKO library as PDI1 is essential. Also, S. cerevisiae Δtrx1 does 
not exhibit sensitivity on oxidative conditions comparing with S. cerevisiae Δtrx2. 
EUG1 and EPS1 knockouts do not show phenotypes on oxidative conditions 
either.  
 
Fig. 4-4. Characterisation of N. ceranae thioredoxin and its homolog in 
S. cerevisiae. Fragment of a ClustalW2 alignment of NcORF15 and S. cerevisiae 
Trx2p. Black boxes denote NcORF-15 C-X-X-C motifs and the predicted C active 
sites are highlighted in red. Canonical amino acids characteristic for thioredoxins 
and conserved in both S. cerevisiae and N. ceranae are highlighted in grey. Violet 
box denotes canonical amino acid characteristic for thioredoxins but not 
conserved in N. ceranae sequence. Red rounded rectangle represent alpha 
helices, while yellow arrow denote beta sheets. Signal peptide is represented by 
a turquoise box. Asterisks denote residues conserved among all sequences, 
conserved substitutions are marked with dots, while semi-conserved 
substitutions with colons. Based on Bao et al. (2007), and Collet and Messens 
(2010). 
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NcORF-15 was aligned with S. cerevisiae Trx2 using ClustalW2 tool (Fig. 4-4; 
see Fig. VIII-2 in Appendix VIII for the full sequence), in order to identify 
conserved residues between both sequences. NcORF-15 shows conservation of 
residues: W34, D29, C35, C38, P43, D65, P80, T81, G88 and G96 (N. ceranae 
nomenclature), which are important for the thioredoxin structure (summarised in 
Table 4-2). However, canonical for S. cerevisiae Trx phenylalanine (F26), alanine 
(A28) and lysine (K55) have been constituted in NcORF15 sequence with 
tyrosine (Y), glutamine (Q) and isoleucine (I), respectively. Also, residues 
between catalytic cysteines in NcORF15 differ from canonical glycine and proline 
residues. 
 
 
Table 4-2. Conserved residues of thioredoxin-like proteins.  
 
Residue Description 
Cysteine (C) 
Two cysteines occuring in C-X*-C motif;  
essential for the catalytic activity;  
localise to the N-terminal site of an a-helix 
Proline (P) 
Three residues conserved: 
1. within CGPC motif – responsible for the reducing 
capabilities of a TRX 
2. five residues beyond the catalytic motif; responsible for 
creation of a kink in the α2-helix; important for 
maintaining the structure but not necessary for the redox 
properties 
3. opposite to the CGPC motif; always forms cis-
conformation; important in retaining the conformation of 
the active site and the redox potential  
Threonine (T) 
Occurs next to the cis-proline, opposite the CGPC motif; 
structural role 
Glycine (G) 
Three residues conserved: 
1. within CGPC motif; maintains the conformation of the 
active site; has influence on the redox potential  
2. and 3. Occur on both sides of β5-strand; important in 
determining the structure 
Phenylalanine (F) At the end of the β2-strand; structurally important 
Tryptophan (W) 
Just before the CGPC motif; important for the thermodynamic 
stability 
Alanine (A) Locates to the turn before the tryptophan; structurally important 
Aspartate (D) and 
lysine (K) 
Between β2-strand and β3-strand, respectively and both are 
structurally important; another D occurs between β3-strand  and 
α3-helix and plays structural role 
 
Based on Collet and Messens (2010). 
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4.4.1.4. Structural predictions for a putative hexokinase NcORF-16 
NcORF-16 was identified with a signal peptide (SignalP 4.0, TargetP 1.1; see 
Chapter 3) and therefore was classified as part of the N. ceranae secretome. 
Searches for conserved motifs with Pfam and Prosite did not yield any hits for 
NcORF-16, however Phyre2 classified it to a group of transferases, whereas 
BlastP search identified a conserved hexokinase 2 domain in its amino acid 
sequence. Phyre2 predicted NcORF-16 to have two distinct domains (Fig. 4-6), 
with a cleft in between those two domains, which is a characteristic for 
hexokinases (Bennett and Steitz, 1978). It also predicted one catalytic site, Asp214 
(aspartic acid, Asp or D) at the 214 position (Fig. 4-5) and 11 predicted ligand 
binding sites (Ser147, Tyr148, Pro149, Ser215, Ile234, Gly238, Thr239, Asn240, Glu257, 
Tyr283, Met286; Fig. 4-6), with the predominant ligand predicted to be glucose. 
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Fig 4-5. Analysis of a secondary structure of NcORF-16 generated by 
Phyre2. Amino acid sequence of NcORF-16 (query sequence) was aligned to 
c1qhaA template (template sequence) belonging to a family of transferases. 
Catalytic residue is marked in a red box, filled yellow boxes mean deletion, while 
brown denote insertions relative to the template. Green helices represent 
α- helices, blue arrows β-strands and faint lines denote coils. 383 residues (89% 
of the sequence) were modelled with 100% confidence. 
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Fig 4-6. Predicted binding sites for N. ceranae putative hexokinase 
NcORF- 16. Predictions of glucose binding sites for N. ceranae putative 
hexokinase were generated by 3DLigandSite (Wass et al., 2010). Ligand 
(glucose) is depicted in green, while binding sites are labelled in blue. A. View of 
a whole predicted structure of NcORF-16 with its ligand. B. Magnification of a 
ligand binding region.  
A. 
B. 
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4.4.1.5. Homologs of NcORF-16 in Microsporidia  
BlastP search was used to retrieve sequences of all NcORF-16 homologs in 
microsporidia (cut-off set up at 1e-05) and the alignment was performed with 
Constraint-based Multiple Alignment Tool Cobalt (available at NCBI). Final 
alignment revealed that one residue, aspartic acid, is conserved among all 19 
microsporidian sequences (Fig. 4-7, green box). The same amino acid was 
identified by Phyre2 as a catalytic site (Fig. 4-5).  
 
4.4.1.6. Homology of NcORF16 with S. cerevisiae  
In order to perform yeast complementation assays, the structure of NcORF-16 
was compared with S. cerevisiae S288c homologs identified by BlastP. 
NcORF- 16 showed the highest resemblance to S. cerevisiae putative 
hexokinase YLR446W (Accession number NP_013551, E=3e-05), then to 
hexokinase 1 (Accession number NP_116711, E=1e-04) and hexokinase 2 
(Accession number NP_011621, E=9e-04). Following the search, sequences 
were retrieved and aligned with ClustalW2 (Fig. 4-8). However, the putative 
hexokinase YLR446W was not used in the alignment due to a lack of its crystal 
structure and the lack of evidence for its hexokinase activity. 
Structural assessment of NcORF-16 and its yeast homologs, revealed that 
catalytic residue Asp (D) is conserved among NcORF-16, S. cerevisiae Hxk1 and 
S. cerevisiae Hxk2 (Fig. 4-8). However, in S. cerevisiae Hxk1 and Hxk2 this 
amino acid occurs at position D211, while in N. ceranae NcORF-16 the same 
residue has shifted by three places and occurs at position Asp214 (Fig. 4-5; Fig. 
4- 6; Fig. 4-8).  
N. ceranae NcORF-16 also shows conservation of other residues specific to 
hexokinases (see Table 4-3), such as Ser419, Thr234 and six out of 11 canonical 
glycine residues (Gly88, Gly89, Gly233, Gly235, Gly418 and Gly461). However, 
NcORF-16 does not show conservation of the Ser158 which has been shown to 
be important in glucose binding in yeast (Arora et al., 1991). Moreover, Lys173, 
which is involved in phosphorylation of glucose, is not conserved in NcORF-16 
either (Fig. 4-8). 
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Fig 4-8. ClustalW alignment of S. cerevisiae hexokinase 1, hexokinase 2 and 
NcORF-16. BlastP search of NcORF-16 was performed against S. cerevisiae 
S288c, homolog sequences were retrieved and aligned with ClustalW2 tool 
(available at EMBL-EBI). Signal peptide is represented by a turquoise box. 
Asterisks denote residues conserved among all sequences, conserved 
substitutions are marked with dots while semi-conserved substitutions with 
colons. Alpha helices (red rounded rectangle) and beta sheets (yellow arrow) are 
denoted. Conserved catalytic site is highlighted in red (predicted with Phyre2); 
S. cerevisiae Ser158 and Ser419 are in green; Thr234 is in pink; conserved glycine 
residues in all sequences are highlighted in yellow while those that differ in 
NcORF-16 are highlighted in grey. Loops L1-L4 are highlighted in blue. 
Predictions were based on Kraakman et al. (1999) and Kuser et al. (2000). 
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Table 4-3. Canonical hexokinase residues. Annotations are based on 
S. cerevisiae hexokinase II structure.  
Residue Description 
Gly76, Gly80, Gly88, Gly89, Gly154, Gly233, 
Gly235, Gly297, Gly307, Gly418 and Gly461 
 
- Occur in ends of β-strands or 
α- helices; 
- Responsible for flexibility of the 
protein during glucose and ATP 
binding; 
- Some are involved in the 
formation of active site; 
- Essential for enzymatic activity; 
Thr234 and Ser419 - Binding sites of sulphate ion SO4  
Residue 87–92 (L1), 115–124 (L2), 158–
163 (L3), and 174–178 (L4) 
-     Occur in small domain; 
-     Functionally important in   binding 
glucose; 
Asp211 - Main glucose binding site;  
Asn237, Glu269, Glu302, and Thr172 and 
Lys173 
- Bind to glucose - come closer to 
the cleft after glucose binding; 
Ser158 
- Important for catalytic activity;  
- Interacts with glucose in closed 
conformation, when 
phosphorylated catalytic activity 
is inhibited; 
phosphate 1 (residue 82-103),  
connect 1 (residue 203-223), 
phosphate 2 (residue 229-248), 
adenosine (residue 411-439),  
connect 2 (residue 453-473) 
 
- ATP binding sites;  
- Also bind monophosphates 
(promote glucose binding) 
 
Ile85, Leu87, Leu127, Ile131, Leu135, Met139, 
Leu153, Phe155, Phe157, Phe178, Leu192 and 
Ile196 
- Hydrophobic channel;  
too small to transport glucose, 
ATP, ADP, Glc-6-P, phosphate;  
- Unknown function but important 
for glucose phosphorylation; 
Lys173 - Mediate phosphorylation of 
glucose; 
 
Based on Kuser et al. (2000). 
 
 
 
 
                                                                        Chapter 4: Putative N. ceranae thioredoxin and hexokinase 
 
143 | P a g e  
 
4.4.2. Localisation and complementation of N. ceranae genes in 
S.  cerevisiae 
 
4.4.2.1. Localisation and complementation of N. ceranae putative 
thioredoxin  
In order to investigate the intracellular localisation of the putative N. ceranae 
thioredoxin, S. cerevisiae Trx3-GFP strain from the Yeast GFP collection (Life 
Technologies) was transformed with pDEST vector pAG423GPD-NcORF15-
DsRED. Co-localisation assay showed that NcORF15-DsRED localises to the 
cell cytoplasm, with no noticeable mitochondrial expression characteristic to 
S. cerevisiae Trx3 (Fig. 4-9). This, however, has to be further validated with a 
stain specific for mitochondria. 
Functional assessment of a gene often relies on phenotypic rescue of a mutant 
strain compared to its wild type equivalent. Here, N. ceranae with a predicted 
thioredoxin-domain was screened for the ability to rescue S. cerevisiae Δtrx2 
phenotype in an oxidative stress. Expression of a microsporidian gene, did 
slightly rescue S. cerevisiae Δtrx2 (Fig. 4-10) as a strain expressing putative 
N. ceranae thioredoxin NcORF-15 grew better than the knockout itself. Moreover, 
both NcORF-15 with and without a signal peptide (NcORF-15w) were able to 
rescue Δtrx2 phenotype.  
 
Fig. 4-9. Expression of a N. ceranae putative thioredoxin NcORF-15 in 
S. cerevisiae Trx3-GFP strain. S. cerevisiae Trx3-GFP strain (yeast GFP 
library, Life Technologies) was transformed with a plasmid pAG426GPD-ccdB-
DsRED harbouring NcORF-15. Strains were grown for 16-18 h in selective 
medium at 30°C with shaking and screened under a standard fluorescent 
microscope (Zeiss). S. cerevisiae Trx3-GFP transformed with an empty vector 
was used as a control. A total of 100 yeast cells were screened per strain. Scale 
bar represents 5 µm. 
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Fig. 4-10. Complementation of S. cerevisiae Δtrx2 with a N. ceranae gene. 
S. cerevisiae Δtrx2 strain (in BY4741 background) was transformed with a 
plasmid pAG426GPD-ccdB harbouring either putative N. ceranae thioredoxin 
with a signal peptide (NcORF-15) or without a signal peptide (NcORF-15w). 
Strains were grown for 16-18 h in selective medium at 30°C with shaking. OD595 
was checked using a Jenway 7305 spectrophotometer. Cultures were diluted in 
sterile water to OD595=0.1 and 10-fold serial dilutions were performed in order to 
plate 4 µl of each dilution onto complete synthetic medium with 0.3 mM and 
0.4 mM tBOOH. Plates were incubated for 3-4 days at 30°. Parental strain 
S. cerevisiae BY4741 and S. cerevisiae Δtrx2 transformed with an empty 
pAG426GPD-ccdB vector were used as controls. CSM – complete synthetic 
medium, Sc – S. cerevisiae, tBOOH – tert-butyl hydroperoxide 
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4.4.2.2. Localisation and complementation of N. ceranae putative 
hexokinase   
Three strains expressing S. cerevisiae Hxk1-GFP, Hxk2-GFP or Glk1-GFP 
(available from the yeast GFP library, Life Technologies) were utilised to 
investigate the subcellular localisation of a putative N. ceranae hexokinase. Each 
strain was transformed with pDEST vector harbouring either NcORF-16 or 
NcORF-16w (without a signal peptide) enabling DsRED tagging of N. ceranae 
protein. Fluorescent screens revealed that both NcORF-16 with and without a 
signal peptide localised to the cytoplasm (Fig. 4-11). NcORF-16 did not exhibit 
nuclear localisation, which is characteristic to S. cerevisiae hexokinase 
isoenzyme 2 (Randez-Gil et al., 1998) and no NLS was identified in NcORF-16 
amino acid by the SeqNLS tool, despite nuclear localisation predictions made by 
WolfPsort (Table II-1 in Appendix II).  
To determine whether N. ceranae protein has hexokinase activity, NcORF16 was 
tested for the ability to rescue the growth defect of the YSH7.4-3C strain (kind gift 
from the Thevelein`s lab; De Winde et al., 1996). The parental W303-1A and the 
triple knockout YSH7.4-3C grew well on medium supplied with galactose as the 
main carbon source. However, unlike W303-1A, triple knockout did show growth 
reduction, when grown on glucose and raffinose, due to lack of endogenous 
hexokinase and glucokinase activity. YSH7.4-3C was transformed with pDEST 
vectors pAG426GPD-NcORF16 and pAG426GPD-NcORF16w, and generated 
strains were grown on three different carbon sources: 2% glucose, 2% galactose 
and 2% raffinose. N. ceranae putative hexokinase NcORF-16 was not 
functionally capable of rescuing S. cerevisiae YSH7.4-3C phenotype, as the 
strains YSH7.4- 3C∴NcORF16 and YSH7.4-3C∴NcORF16w (a and b) were not 
able to grow similarly compared to the parental strain on glucose and raffinose 
(Fig. 4- 12). 
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Fig. 4-11. Expression of a N. ceranae putative hexokinase in S. cerevisiae 
GFP strains. S. cerevisiae Hxk1-GFP (A), S. cerevisiae Hxk2-GFP (B) and 
S. cerevisiae Glk1-GFP strains (C) from the yeast GFP library (Life Technologies) 
were transformed with a plasmid pAG423GPD-ccdB-DsRED harbouring 
N. ceranae gene either with (NcORF-16) or without a signal peptide 
(NcORF- 16w). Strains were grown until middle log phase in selective medium at 
30°C with shaking and screened under a standard fluorescent microscope 
(Zeiss). S. cerevisiae GFP strains transformed with an empty vector were used 
as controls. A total of 50 yeast cells were screened per strain. Scale bar 
represents 5 µm.
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4.4.3. Summary 
The use of bioinformatics tools enabled detailed characterisation of two 
N. ceranae ORFs, NcORF-15, a putative N. ceranae thioredoxin, and 
NcORF- 16, a putative hexokinase, what lead to the selection of appropriate 
S. cerevisiae strains for their heterologous expression, functional assessment 
and their localisation. NcORF-15 was assayed for the ability to reduce oxidative 
stress and rescue of S. cerevisiae Δtrx2 phenotype, whereas YSH7.4-3C strain, 
a triple knockout for HXK1, HXK2 and GLK1, was used to screen NcORF-16 for 
its hexose phosphorylating activity. The screen revealed that NcORF-15 was able 
to rescue S. cerevisiae Δtrx2, however NcORF-16 did not rescue YSH7.4-3C 
phenotype. Both proteins were also identified in yeast cytoplasm. Table 4-4 
represents summary of the results for NcORF-15 and NcORF-16. 
 
Table. 4-4. Summary for NcORF-15 and NcORF-16.  
 NcORF-15 NcORF-16 
Annotation thioredoxin/PDI hexokinase 
MW/aa   approx. 57 kDa/493 approx. 49 kDa/430 
Protein domains 4 2 
Conserved catalytic 
motifs/residues 
two C-X-X-C motifs Asp211  
Predicted ligand none glucose 
Complementation of 
S. cerevisiae gene 
Yes 
Sc TRX2 
No 
Localisation in  
S. cerevisiae 
cytoplasmic cytoplasmic 
 
Abbreviations: aa – amino acids, Asp – aspartic acid, C – cysteine, Nc – Nosema 
ceranae, PDI – protein disulphide isomerase, Sc – Saccharomyces cerevisiae 
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4.5. DISCUSSION 
The present study aimed to characterise two N. ceranae proteins, hypothesised 
to play important roles in the parasite`s infection process and its survival within 
the host. N. ceranae NcORF-15, a putative thioredoxin and NcORF-16, a putative 
hexokinase, were subjected to yeast complementation assays, followed by 
fluorescence microscopy in order to functionally access both proteins and 
determine their functions. 
 
 
4.5.1. N. ceranae putative thioredoxin NcORF15 complements S. cerevisiae 
Δtrx2 upon oxidative stress 
 
 
Production of reactive oxygen species (ROS) is one of the insect immune system 
responses during pathogen infection (Igboin et al., 2012; Nappi et al., 1995; Nappi 
and Vass, 1998). Therefore, in order to colonise its host and thrive within it, 
elaborate detoxification systems with the ability to detoxify ROS are important for 
pathogens (Fernandez and Wilson, 2014). Thioredoxin system has been 
described in a range of organisms and, for example, yeast Cryptococcus 
neoformans Trx1 and Trx2 have been shown to be important against oxidative 
and nitrosative stress (Missall and Lodge, 2005). Moreover, C. neoformans Trx1 
has been shown to be important for its virulence. 
The genome of an insect infecting microsporidian N. ceranae encodes several 
proteins belonging to a thioredoxin-like family (Table VIII-1 in Appendix VIII) and 
interestingly only one, NcORF-15, has a predicted signal peptide in its amino acid 
sequence, suggesting it is secreted extracellularly. Thioredoxins generally 
localise to the cytosol (Arnér and Holmgren, 2000), they can be associated with 
the nucleus (Collet and Messens, 2010), mitochondria (Hirota et al., 1997, 1999) 
or plasma membranes (Martin and Dean, 1991), but they also have been shown 
to be secreted extracellularly (Xu et al., 2008). Homology and motif searches 
classified N. ceranae NcORF-15 within the broad group of oxidoreductases and 
a group containing a thioredoxin domain (section 4.4.1) with two TRX-like 
domains identified, but it was the one with predicted active sites that was of 
special interest in this study. Structural analysis of NcORF-15 revealed 
conservation of residues structurally important for thioredoxin-like proteins, such 
as W34, D29, C35, C38, P43, D65, P80, T81, G88 and G96 (N. ceranae 
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nomenclature; Fig. 4-4; refer to Table 4-2). Moreover, the molecular weight of 
NcORF15 (predicted to be 57 kDa) is bigger than that of common Trxs (~12 
kDa)(Nishiyama et al., 2001) and apart from the TRX-domains, BlastP identified 
ER-PDI domain in NcORF-15 structure (Fig. 4-1). However no H/K-DEL ER-
retention signal was identified in its amino acid, which is characteristic for most 
ER-PDIs (Bernt et al., 2008) and future studies will show, whether NcORF-15 has 
any PDI-specific properties, such as involvement in protein folding (Wilkinson and 
Gilbert, 2004).   
A common feature of proteins with a TRX-fold is a canonical C-X-X-C motif (Collet 
and Messens, 2010), where C denotes cysteine residues and X any amino acid. 
This is the catalytic core of a thioredoxin and cysteines are crucial in the thiol 
dependent processes. NcORF-15 has two such motifs, C35-C38 (C-P-A-C) and 
C66-C69 (C-N-N-C) (Fig. 4-1, Fig. 4-3, Fig. 4-4), with only the former predicted 
to be catalytic. However, the catalytic motif of NcORF-15 differs from the common 
thioredoxins motif C-G-P-C (Collet and Messens, 2010; Martin, 1995). It is also 
different from PDIs C-G-H-C motif (Wilkinson and Gilbert, 2004; Tian et al., 2006). 
A unique C-P-A-C motif in NcORF-15 rather resembles the one of 
transmembrane thioredoxin-like proteins (Matsuo et al., 2001). Transmembrane 
thioredoxin-like proteins are important oxidoreductases, and for example, in liver 
fluke Clonorchis sinensis they are hypothesised to be important in host-parasite 
interaction (Zhou et al., 2013), whereas human transmembrane thioredoxin like 
proteins are involved in redox regulation in ER (Matsuo et al., 2001; Matsuo et 
al., 2004). Those proteins additionally have a transmembrane domain (TM) 
amino acid sequence and such TM also occurs in NcORF-15 (Fig. 4-1). To date, 
the C66-C69 (C-N-N-C) site has not been identified in any TXR-like proteins and 
it is unknown whether it has any catalytic or structural properties, therefore further 
studies are needed. Interestingly, both C-X-X-C motifs are conserved in 
NcORF- 15 homologs among the Microsporidia phylum (Fig. 4-3), suggesting 
their importance in microsporidian thioredoxins.  
NcORF-15 shows conservation of numerous thioredoxin-specific residues. 
However, in order to check whether it is sufficient to complement S. cerevisiae 
thioredoxin, Δtrx2 strain was transformed with a plasmid harbouring NcORF-15 
or NcORF-15w. S. cerevisiae Δtrx2 is sensitive to oxidative stress (Garrido and 
Grant, 2002; Trotter and Grant, 2002) but when S. cerevisiae Δtrx2∴NcORF15 
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was exposed to 0.3 mM and 0.4 mM tBOOH, NcORF-15 slightly rescued the 
Δtrx2 phenotype (Fig. 4-9). This rescue was also seen in S. cerevisiae 
Δtrx2∴NcORF15w strain, implying that the signal peptide does not affect its 
catalytic activity. The presence of SP in NcORF-15 implies that the protein could 
enter the secretory pathway and be secreted extracellularly, but identification of 
TM (Fig. 4-1) suggests that NcORF-15 may become anchored within the 
membrane at some stage of its maturation (refer to Fig. 1-5). Microscopy studies 
with yeast showed that NcORF-15 localises to the cytoplasm (Fig. 4-9), implying 
that this cellular compartment may be its native place of catalytic activity. At this 
stage it cannot be specified which cellular compartment does NcORF-15 localise 
to and this needs to be further investigated with more sensitive molecular tools. 
Apart from thioredoxins (and PDIs), other components of the thioredoxin system 
can be identified in the N. ceranae genome, such as thioredoxin peroxidases and 
thioredoxin reductase (Cornman et al., 2009; Table VIII-1 in Appendix VIII). The 
presence of twice as many thioredoxin-like proteins in N. ceranae genome  
compared to its closest relative N. apis (Chen et al., 2013a), could account for 
higher resistance of N. ceranae spores to the environmental stress, both within 
and outside its host, A. mellifera (Fenoy et al., 2009; Paxton et al., 2007). This, 
however, should be further investigated, as more factors could be involved. 
Components of the thioredoxin system may be future target to weaken or 
completely eliminate N. ceranae as a threat to Apis species by utilisation methods 
such as RNAi. In this case, however, the procedure would need careful 
optimisation so the host proteins do not become the target of RNAi silencing itself. 
 
4.5.2. N. ceranae putative hexokinase NcORF-16 does not complement 
S. cerevisiae YSH7.4-3C strain phenotype 
 
 
Reduction of the microsporidian genomes and lack of typical, fully functional 
mitochondria, which are hypothesised to have undergone reduction to mitosomes 
(Williams et al., 2002) (refer to section 1.2.2), suggests that microsporidia may 
have adopted other ways of gaining energy. This may provoke an extra stress on 
their host, as a parasite probably acquires host`s ATP and amino acids as 
building blocks (Peyretaillade et al., 2011). It has been shown that microsporidia 
are able to bind to mitochondria in order to directly utilise host`s ATP supplies, 
which is required for e.g. phosphorylation of glucose to glucose-6-P by 
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hexokinase (Hacker et al., 2014), the first step in glycolysis (Fig. VIII-3 in 
Appendix VIII). Moreover, it has been shown that hexokinases are able to bind to 
the voltage-dependent anion channel (VDAC) of mitochondria thus affecting the 
host`s metabolism (Pastorino and Hoek, 2008; Lemasters and Holmuhamedov, 
2006). The N. ceranae genome has only one predicted hexokinase, NcORF16 
(Cornman et al., 2009). To date, its role as a predicted secreted protein has not 
been studied and this study aimed to characterise NcORF-16 using S. cerevisiae 
for its heterologous expression. 
To investigate the subcellular localisation of NcORF-16, yeast GFP library (Life 
Technologies) was employed in generating strains expressing both N. ceranae 
NcORF16-DsRED (or NcORF16w-DsRED) and either S. cerevisiae Hxk1-GFP, 
Hxk2-GFP or Glk1-GFP. Yeast Hxk1, Hxk2 and Glk1 occur in cytosol, however 
14% of expressed Hxk2 is able to enter the nucleus (Randez-Gil et al., 1998; 
Herrero et al., 1998). Despite nuclear localisation predicted by WolfPsort for 
NcORF-16 (Table II-1 in Appendix II), other tools, such as SeqNLS, did not 
predict any NLS in its structure. Expression of NcORF-16 showed cytoplasmic 
localisation (see also Table 3-8 in Chapter Three) and no nuclear localisation was 
recorded (Fig 4-11). However, more localisation studies should be performed as 
translocation may occur at particular time points and/or during elevated levels of 
glucose in the medium (Peláez et al., 2012). Also, it should also be noted that 
NcORF-16 is a complex molecule with a high MW (49 kDa) and may not be 
recognised by the yeast alpha/beta importins, which mediate S. cerevisiae Hxk2 
nuclear translocation (Peláez et al., 2012).  
Antecedently to functional experiments in a model expression system, N. ceranae 
NcORF-16 was compared with its S. cerevisiae homologs Hxk1 and Hxk2. 
ClustalW2 alignment of NcORF-16 and S. cerevisiae hexokinases shows a 
number of structural similarities between the sequences (Fig. 4-8). Conservation 
of the catalytic residue Asn214 (Asn211 in yeast) in NcORF-16, suggests that 
NcORF-16 protein should retain its catalytic property. Also, Thr234 and Ser419 
residues, which are responsible for binding sulphate and are part of ATP binding 
site (Table 4-3; reviewed in Kuser et al., 2000, 2008), are conserved in the 
Nosema protein. However, a number of glycine residues (Gly76, Gly80, Gly154, 
Gly297 and Gly307; Fig.4-8), responsible for the hexokinase flexibility during its 
binding to glucose and ATP (see Table 4-3), do not show that conservation. Also, 
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Ser158 which is important for catalytic activity, is not conserved in NcORF-16 and 
is replaced with Lysine (K). Furthermore, loops L1-L4 exhibit low similarity 
between NcORF-16 and S. cerevisiae hexokinases, and this may affect the 
protein folding and its final structure.  
Yeast Hxk1 and Hxk2 are specific for keto- and aldo-sugars, whereas Glk1 is 
highly specific for aldo-sugars (Walsh et al., 1983). While double HXK knockout 
is able to grow without glucose, on fructose at least one HXK is required 
(Gancedo et al., 1977). Hovewer, in order to express NcORF-16 and assess its 
activity, S. cerevisiae YSH7.4-3C strain (De Winde et al., 1996), a triple knockout 
for three isoenzymes of hexokinase (ΔHXK1 ΔHXK2 ΔGLK1), had to be 
employed. Compared to the parental strain W303-1A which grows well on 
glucose, galactose and raffinose, YSH7.4-3C strain shows inhibited growth on 
glucose and raffinose. The results of the complementation assay show that 
N. ceranae NcORF16 was not able to rescue the phenotype of the YSH7.4-3C 
triple knockout, as YSH7.4-3C∴NcORF16 and YSH7.4-3C∴NcORF16w (a and b) 
strains did show similar growth to the parental strain when grown on glucose or 
raffinose as sole carbon source (Fig. 4-12). This suggests that NcORF-16 protein 
does not phosphorylate glucose and seem to lack hexokinase activity. However, 
this should be validated by utilising commercially available in vitro hexokinase 
activity assay as its activity in yeast could be affected by various factors, such as 
interactions with other proteins or insufficient supply of ATP. 
A number of factors may be responsible for lack of NcORF-16 catalytic activity. 
Firstly, the lack of complementation of S. cerevisiae hexokinase could be 
explained by NcORF-16 structural differences (Fig. 4-8). In spite of a conserved 
active site (Asn214 in N. ceranae and Asn211 in S. cerevisiae), not all glycine 
residues are conserved in NcORF-16. Those residues are important for catalysis 
of glucose and phosphorylation of glucose may be impaired by incorrect folding 
of NcORF-16, as some glycine residues also confer flexibility (Kuser et al., 2000). 
Moreover, NcORF-16 shows only 20% similarity to S. cerevisiae hexokinases 
Hxk1 and Hxk2 (BlastP) and this could also account for the lack of phenotype 
rescue. On the contrary, NcORF-15 shows only slightly higher identity with 
S. cerevisiae Trx2 (26 %) and is able to rescue Δtrx2 phenotype (Fig. 4-10), so it 
may not always be the case of protein similarity. Finally, it is possible that 
N. ceranae hexokinase has lost its catalytic activity due to reduction events in 
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microsporidian genomes (Peyretaillade et al., 2011) or it may have acquired a 
novel function. However, despite the lack of hexokinase activity in S. cerevisiae, 
NcORF-16 may still be able to bind glucose and/or ATP but those scenarios are 
yet to be investigated. It should also be noted that S. cerevisiae is a heterologous 
system for expression of the N. ceranae protein and other factors may be 
responsible for the lack of enzymatic activity, such as incorrect Nosema protein 
maturation. 
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Chapter 5  
 
Characterisation of N. ceranae NcORF-4 (NcORF-00654) 
 
5.1. OVERVIEW 
Previous studies of the N. ceranae secretome (Cornman et al., 2009; Chapter 
Three) identified two ORFs encoding putative proteasome subunits with signal 
peptides for secretion: NcORF-4, a putative beta subunit and NcORF-20, a 
putative alpha type subunit. Due to the presence of a predicted signal peptide in 
these proteins, it has been hypothesised that once secreted into its host cell 
cytoplasm, N. ceranae NcORF-4 and NcORF-20 may interact with its host`s 
ubiquitin-proteasome system (UPS). However, due to the lack of GFP expression 
of NcORF-20 in yeast, only NcORF-4 was taken for further investigation and this 
will be the focus of this chapter.  
Recent studies on intracellular pathogens, such as bacteria, have shown that 
secretion of effector proteins can inhibit the host inflammatory (Zhou et al., 2005) 
and cell death pathways (Bos et al., 2010) by targeting the host`s UPS. Such 
exploitation may occur via direct or indirect interactions with components of the 
UPS by, for example, mimicking E3 ligase (Angot et al.,  2007; Bos et al., 2010; 
Üstün et al., 2013). The UPS is very complex and requires a number of additional 
components in order to maintain internal homeostasis of a cell (Finley et al., 
2012). Therefore, it is not surprising that its dysfunction is often associated with 
serious disorders such as inflammatory and autoimmune diseases, 
neurodegenerative disorders or cancer cell development (Paul, 2008).  
Previously, I have shown that C-terminally tagged with GFP NcORF-4 was able 
to localise to the yeast nucleus (see Table IX-1 in Appendix IX). Expression of 
NcORF-4 with N- terminal GFP tag in S. cerevisiae BY4741 determined the 
importance of the signal peptide for its nuclear localisation. To address the 
question of whether NcORF-4 interacts with components of the proteasome 
complex, the commercially available S. cerevisiae GFP library was utilised to 
express and co-localise NcORF-4. Yeast assays were followed by the generation 
of D. melanogaster line based on the yeast GAL4/UAS system. The effect of 
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expressing NcORF-4w (NcORF-4 without a signal peptide) in flies was examined 
in order to determine its function and the potential targets in its native host.  
 
5.1.1. The ubiquitin-proteasome system (UPS) 
Proteasomes are multicatalytic structures, they exist in both the cytoplasm and 
the nucleus, and they are responsible for the degradation of damaged or 
unwanted proteins. They are necessary for all prokaryotic and eukaryotic cells, 
and play an important role in response to both biotic and abiotic conditions. 
Proteasomes are also important for cellular processes such as development, 
maintaining homeostasis, aging, DNA repair, cell cycle control and cell division 
or immune system responses (Finley et al., 2012; Smalle and Vierstra, 2004). 
The 26S proteasome is a highly conserved complex of more than 30 distinct 
subunits consisting of two 19S regulatory particles (RP) and 20S core particle 
(CP) (Fig. 5-1) (Groll et al., 1997; Finley et al., 2012).  
 
 
Fig. 5-1. Structure of the 26S proteasome complex. Adapted from KEGG 
(Kanehisa and Goto, 2000). 
 
The CP has a barrel-like structure, which is built from alpha and beta rings 
arranged in α1-α7 / β1-β7 / β1-β7 / α1-α7 order (Groll et al., 1997), with three 
beta subunits having catalytic activities: β1/Pre3 (which confers peptidylglutamyl-
peptide hydrolysing (PHGH)/postglutamyl activity), β2/Pup1 (with trypsin-like 
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activity) and β5/Pre2 (showing chymotrypsin-like activity) (Heinemeyer et al., 
1997). The RP is built from two parts, a lid and a base. Components of the base 
are involved in unfolding and opening of the alpha ring in order for the protein to 
enter the complex (Finley et al., 2012). Lid component Rpn11 mediates protein 
deubiquitination, while lid Rpn10 and Rpn13, and base Rpt5 mediate capturing 
of the polyubiquitinated proteins (Elsasser et al., 2004; Husnjak et al., 2008; Lam 
et al., 2002; Verma et al., 2002) (Fig. 5-1). 
Protein degradation in eukaryotes occurs via the proteasome-ubiquitin (UPS) and 
autophagy systems, with the latter involved in degradation of whole organelles 
within a vacuole (Finley et al., 2012). Proteins that are meant to be degraded by 
the proteasome are first polyubiquitinated i.e. a chain of ubiquitin residues is 
added to the protein via isopeptide bond mainly between amino group of a 
substrate Lys48 and the carboxyl end of ubiquitin. However, examples of protein 
degradation without ubiquitination have also been described (Takeuchi et al., 
2008).  Proteins with one attached ubiquitin (monoubiquitinated) often at Lys63 or 
a few single ubiquitins attached throughout the protein (multiubiquitinated) are 
utilised in other cellular processes such as DNA repair, export of mRNA or protein 
binding (Adams, 2003).  
 
 
 
 
Fig. 5-2. Protein ubiquitination. See text for more details. Ub – ubiquitin, Ppi – 
pyrophosphate, ATP – adenosine triphosphate, AMP – adenosine 
monophosphate. Adapted from Adams (2003). 
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Ubiquitination involves ubiquitin-activating enzyme E1 (Uba1), ubiquitin-
conjugating (Ubc) enzymes E2 and ubiquitin ligases E3 (Fig. 5-2). E1 utilises ATP 
in order to activate ubiquitin before transferring it onto one of E2 conjugating 
enzymes and subsequently onto E3 ligase with either HECT (homologous to E6-
AP carboxy terminus) or RING (really interesting new gene) domain (Deshaies 
and Joazeiro, 2009; Scheffner et al., 1995; Zheng et al., 2000). Transfer of 
ubiquitin from E2 requires additional thioester bond formation between active 
cysteine residue of HECT E3 ligase and ubiquitin, whereas in RING E3 ligase 
transfer of ubiquitin occurs directly from E2 onto a substrate. Deubiquitination of 
proteins in yeast and release of ubiquitin just before proteasomal degradation is 
mediated by 20 deubiquitylating enzymes (DUBs), such as proteasomal Rpn11 
(Finley et al., 2012). The protein is unfolded and enters the CP, where it is 
degraded into smaller components by the beta subunits (Adams, 2003).  
 
5.2. AIMS 
This chapter represents further characterisation of the N. ceranae NcORF-4, 
predicted to be a secreted proteasome beta type subunit, by a combination of a 
range of available bioinformatics and molecular tools, and by the utilisation of two 
heterologous systems for its expression. 
The main objectives of this chapter were to: 
1. Characterise N. ceranae NcORF-4 using available bioinformatics tools, 
2. Determine the importance of the signal sequence in N. ceranae protein, 
3. Utilise S. cerevisiae GFP library to localise NcORF-4, 
4. Express N. ceranae gene and localise its product in D. melanogaster; 
5. Determine whether NcORF-4 interacts with the components of the 
ubiquitin-proteasome system (UPS). 
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5.3. METHODS 
5.3.1. Bioinformatics analysis 
Bioinformatics tools are described in Materials and Methods (section 2.1). 
 
 
5.3.2. Generation of yeast strains and fly lines 
Gateway destination vectors were generated as described in Materials and 
Methods (section 2.2.9). Plasmid purification is described in 2.2.10. PEG-
mediated yeast transformation was performed as described in 2.2.13. For fly 
trans-injections, plasmids were purified using Maxi prep (Sigma) as described in 
2.2.10, sequence verified and sent to The Best Gene, USA to be injected into the 
embryos of w1118 line.  
 
Fly lines used in this chapter are listed in Table 2-6 (in Materials and Methods), 
whereas yeast strains are listed in Table 5-1.  
 
 
5.3.3. Sample processing and Imaging  
Yeast DAPI staining and imaging is described in sections 2.2.16 and 2.2.17, 
respectively. Fly larvae dissections were performed as described in section 2.3.4. 
Images from standard fluorescent (Zeiss Axiophot Epifluorescent microscope) 
and confocal microscopy (Zeiss LSM 510 META laser scanning microscope) 
were processed with ImageJ.  
 
 
5.3.4. Statistical analysis 
Fisher`s exact test (available at http://graphpad.com/) was used to test 
relationship between yeast cells expressing N. ceranae proteins tagged with 
either C- or N- terminal tag and their localisation.  
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Table. 5-1. Yeast strains used in characterisation of N. ceranae NcORF-4. 
Strain Description Genotype        Source 
BY4741 
 
Derived from 
S. cerevisiae S288C 
 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0 
Open   
Biosystems 
(Giaever et 
al., 2002) 
NcORF4-
GFPc 
Derived from 
S. cerevisiae BY4741; 
NcORF-4 expressed from 
pAG423GPD-ccdB-EGFP 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0 ∴ 
NcORF-4-EGFP ∴ HIS3 
        This study 
NcORF4w-
GFPc 
Derived from 
S. cerevisiae BY4741; 
NcORF-4w expressed from 
pAG423GPD-ccdB-EGFP 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0 ∴ 
NcORF-4w-EGFP ∴ HIS3 
        This study 
NcORF4-
GFPn 
Derived from 
S. cerevisiae BY4741; 
NcORF-4 expressed from 
pAG423GPD-EGFP-ccdB 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0 ∴ EGFP-
NcORF-4 ∴ HIS3 
                        
      This study 
NcORF4w-
GFPn 
Derived from 
S. cerevisiae BY4741; 
NcORF-4w expressed from 
pAG423GPD-EGFP-ccdB 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0 ∴ EGFP-
NcORF-4w ∴ HIS3 
      This study 
Pre3-GFP  
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pre3/β1-GFP 
Yeast GFP 
Library, Life 
Technologies 
(Huh et al., 
2003) 
Pre3-GFP ∴ 
Nc4-DsRED 
Derived from 
S. cerevisiae Pre3-GFP; 
NcORF-4 expressed from 
pAG426GPD-ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pre3/β1-GFP ∴ NcORF-4-
DsRED ∴ URA3 
This study 
 Pre3-GFP ∴ 
Nc4w-
DsRED 
Derived from 
S. cerevisiae Pre3-GFP; 
NcORF-4w expressed from 
pAG426GPD-ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pre3/β1-GFP ∴ NcORF-4w-
DsRED ∴ URA3 
This study 
Pup1-GFP 
 
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pup1/β2-GFP 
Yeast GFP 
Library, Life 
Technologies 
(Huh et al., 
2003) 
Pup1-GFP ∴ 
Nc4-DsRED 
Derived from 
S. cerevisiae Pup1-GFP; 
NcORF-4 expressed from 
pAG426GPD-ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pup1/β2-GFP ∴ NcORF-4-
DsRED ∴ URA3 
This study 
Pup1-GFP ∴ 
Nc4w-
DsRED 
Derived from 
S. cerevisiae Pup1-GFP; 
NcORF-4w expressed from 
pAG426GPD-ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pup1/β2-GFP ∴ NcORF-
4w-DsRED ∴ URA3 
This study 
Pre2-GFP 
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pre2/β5-GFP 
Yeast GFP 
Library, Life 
Technologies 
(Huh et al., 
2003) 
Pre2-GFP ∴ 
Nc4-DsRED 
Derived from 
S. cerevisiae Pre2-GFP; 
NcORF-4 expressed from 
pAG426GPD-ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pre2/β5-GFP  ∴ NcORF-4-
DsRED ∴ URA3 
       This study 
Pre2-GFP ∴ 
Nc4w-
DsRED 
Derived from 
S. cerevisiae Pre2-GFP; 
NcORF-4w expressed from 
pAG426GPD-ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pre2/β5-GFP ∴ NcORF-4w-
DsRED ∴ URA3 
       This study 
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Pre6-GFP  
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pre6/α4-GFP 
Yeast GFP 
Library, Life 
Technologies 
(Huh et al., 
2003) 
Pre6-GFP∴ 
Nc4-DsRED 
 
Derived from 
S. cerevisiae Pre6-GFP; 
NcORF-4 expressed from 
pAG426GPD-ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pre6/α4-GFP ∴ NcORF-4-
DsRED ∴ URA3 
This study 
Pre6-GFP ∴ 
Nc4w-
DsRED 
 
Derived from 
S. cerevisiae Pre6-GFP; 
NcORF-4w expressed from 
pAG426GPD-ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pre6/α4-GFP ∴ NcORF-4w-
DsRED ∴ URA3 
This study 
Pup2-GFP  
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pup2/α5-GFP 
Yeast GFP 
Library, Life 
Technologies 
(Huh et al., 
2003) 
Pup2-GFP ∴ 
Nc4-DsRED 
 
Derived from 
S. cerevisiae Pup2-GFP; 
NcORF-4 expressed from 
pAG426GPD-ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pup2/α5-GFP ∴ NcORF-4-
DsRED ∴ URA3 
This study 
Pup2-GFP ∴ 
Nc4w-
DsRED 
 
Derived from 
S. cerevisiae Pup2-GFP; 
NcORF-4w expressed from 
pAG426GPD-ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pup2/α5-GFP ∴ NcORF-
4w-DsRED ∴ URA3 
This study 
Pre5-GFP  
Derived from 
S. cerevisiae BY4741 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pre5/α6-GFP 
Yeast GFP 
Library, Life 
Technologies  
(Huh et al., 
2003) 
Pre5-GFP ∴ 
Nc4-DsRED 
 
Derived from 
S. cerevisiae Pre5-GFP; 
NcORF-4 expressed from 
pAG426GPD-ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pre5/α6-GFP ∴ NcORF-4-
DsRED ∴ URA3 
This study 
Pre5-GFP ∴ 
Nc4w-
DsRED 
 
Derived from 
S. cerevisiae Pre5-GFP; 
NcORF-4w expressed from 
pAG426GPD-ccdB-DsRED 
MATa, his3Δ1, leu2Δ0, 
met15Δ0, ura3Δ0, HIS3, 
Pre5/α6-GFP ∴ NcORF-4-
DsRED ∴ URA3 
This study 
Continued from the previous page.  
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5.4. RESULTS  
 
5.4.1. Bioinformatics predictions for NcORF-4 
 
5.4.1.1. Homology of NcORF-4  
In order to identify NcORF-4 homologs, homology searches were performed 
using the protein basic local alignment search tool (BlastP) (Altschup et al., 1990) 
and the domain enhanced lookup time accelerated BLAST (DELTA-BLAST) 
(Boratyn et al., 2012). DELTA-BLAST was used in parallel with BlastP as it takes 
into account the secondary structure of the protein instead of solely examining 
the amino acid sequence similarity. Both searches predicted that NcORF-4 is 
similar to amino acid sequences encoding proteasome beta subunits in 
S. cerevisiae, microsporidia species and D. melanogaster (Table 5-2).  
 
 
Table 5-2.  Homologs of N. ceranae NcORF-4.  
 
TOP 
hits 
S.c. E.c. Nosema Microsporidia  D. m. 
Blast  1st β1 
β delta 
chain 
N.b. β6 N.b. β6  
β6 
(RE44901p)  
 2nd  β5 β1 
N.b. PRE2 
(β5) 
component  
E.c. β delta 
chain 
β1 
 3rd  β2 β2 
N.a. PUP1 
(β2) 
E.c. β1 
β6 
(GM04535p) 
       
DELTA-
BLAST 
1st β5 
β delta 
chain 
N.b. β6 
N.p. PUP1 
(β2) 
β7 
(AT12292p) 
 2nd β2 β1 
N.b. PRE2 
(β5) 
component  
N.b. β6 β2 
 3rd  chain K β2 
N.a. PUP1 
(β2) 
E. r. β6 
β7 
(CG18341-
PA) 
 
 
Abbreviations: D.m. – Drosophila melanogaster, E.c. – Encephalitozoon cuniculi, 
E.r. – Encephalitozoon romaleae, N.b. – Nosema bombycis, N.a. – Nosema apis, 
N.p. – Nosema parisii 
 
 
5.4.1.2. Secondary and 3D structure predictions  
The Phyre2 protein structure prediction tool (Kelley and Sternberg, 2009) was 
used to generate the secondary and 3D structure of NcORF-4. NcORF-4 showed 
the highest similarity to 1iruh template, a beta type 6 proteasome subunit derived 
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from Bos Taurus (cattle), therefore Phyre2 generated its predictions based on 
this particular template. The predictions revealed a β-sandwich structure (Fig. 
5- 4), which is typical for Ntn-hydrolases (Groll et al., 1997; Oinonen and 
Rouvinen, 2000). Phyre2 also predicted numerous active and beta subunit 
interactions sites (Fig. 5-3). Moreover, 3D LigandSite (Wass et al., 2010) 
predicted one binding site at residue ILE198 and its putative ligand, which is likely 
to be a magnesium (Mg) ion (depicted as a yellow ball in Fig. 5-4). 
 
 
Fig. 5-3. Predicted secondary structure of N. ceranae NcORF-4. Green 
helices represent α-helices, blue arrows β-strands and faint lines denote coils. 
Active residues are marked with red dots, while blue dots denote interaction sites 
of a beta subunit. Prediction generated by Phyre2 (Kelley and Sternberg, 2009). 
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Fig. 5-4. Predicted 3D structure of N. ceranae NcORF-4. Amino acid sequence 
of NcORF-4 (query sequence) was aligned to 1iruh template (template sequence) 
which belongs to N-terminal nucleophile aminohydrolases (Ntn hydrolases).  
Predicted binding site for a ligand Mg at position ILE198 is depicted as a yellow 
ball. Helices represent α-helices, arrows β-strands and faint lines denote coils. 
87% of NcORF-4 amino acid sequence was modelled at >90 % confidence. 
Signal peptide is denoted. 3D Structure of NcORF-4 was executed with Phyre2 
(Kelley and Sternberg, 2009) and ligand binding site was predicted by 
3DLigandSite (Wass et al., 2010). The structure was opened with JSmol.  
 
5.4.1.3. Nuclear localisation signal predictions  
Subcellular localisation of NcORF-4 protein was predicted with WolfPsort (Horton 
et al., 2007)(see Table II-1 in Appendix II). Its predictions showed that, apart from 
being secreted extracellularly which is conferred by the presence of the 
N- terminal SP, NcORF-4 may also localise to the nucleus. In order to identify the 
putative NLS in the NcORF-4 amino acid sequence, the SeqNLS tool (Lin and 
Hu, 2013; http://mleg.cse.sc.edu/seqNLS/) was utilised. The tool combines eight 
of the most commonly used algorithms for subcellular localisation predictions and 
it did predict one putative NLS in NcORF-4, with the sequence PSVKKAAMIAK 
between residues 111-121 and with the probability score of 0.823. 
N-terminal signal 
peptide 
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5.4.2. Expression of NcORF-4 in yeast S. cerevisiae BY4741  
In order to determine the subcellular localisation of the NcORF-4 gene product, 
its amino acid sequence was cloned either with (NcORF-4) or without 
(NcORF- 4w) a signal peptide into a high copy number plasmid allowing its 
constitutive expression in S. cerevisiae. Further, to check whether a tag type has 
any impact on the gene product localisation, plasmids allowing either N- or C-
terminal tagging (with EGFP) were used. Fluorescence microscopy showed that 
NcORF-4 expressed with a signal exhibits punctuate cytoplasmic localisation 
(Fig. 5-5 a and c; Fig. 5-6.A; Fig. 5-7.A), whereas when the same gene was 
deprived of its signal sequence (NcoRF-4w), N. ceranae protein was able to 
localise to the cell nucleus (Fig. 5-5 b and d; Fig. 5-6.B.b; Fig. 5-7.B.b; Fig.X-1 
and Fig.X-2 in Appendix X). This phenomenon was seen in NcORF-4w 
regardless which end of the protein is tagged (C- or N- terminal). Moreover, 
statistical analysis showed that the use of either C- or N- tag has no impact on 
yeast nuclear localisation of N. ceranae protein without a signal peptide 
(NcORF- 4w), as there was no significant difference between those strains (Fig. 
5- 8). However, nuclear localisation of NcORF-4w was visible only in 11% and 
13% of yeast cells expressing N- and C- terminally tagged protein, respectively 
(Fig. 5-5.b and d). 
 
Fig. 5-5.  Summary of N. ceranae protein expression in S. cerevisiae. 
Percentage of yeast cells (n=150) expressing N. ceranae protein with a signal 
peptide (NcORF-4) (a, c) or without a signal peptide SP (NcORF-4w) (b, d), 
expressed either with a N-terminal (a, b) or a C- terminal EGFP tag (c, d). A total 
of 150 cells were screened per yeast strain. Abbreviations: SP – signal peptide, 
EGFP – enhanced green fluorescent protein, C and c – carboxyl end of a protein, 
N and n – amino end of a protein  
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Fig. 5-6. Expression of NcORF-4 with C-terminal GFP and its localisation in 
S. cerevisiae BY4741. N. ceranae genes were expressed with (NcORF-4) and 
without (NcORF-4w) a signal peptide (A and B, respectively) in S. cerevisiae 
BY4741 from a plasmid pAG423GPD-ccdB-EGFP. Yeast were grown in YNB 
– his for 16-18 h at 30°C with shaking, DAPI stained and cells were checked 
under a standard fluorescent microscope (Zeiss). Images were processed with 
ImageJ. A total of 150 yeast cells were screened per strain. Scale bar = 5 µm. 
 
Fig. 5-7. Expression of NcORF-4 with N-terminal GFP and its localisation in 
S. cerevisiae BY4741. N. ceranae genes were expressed with (NcORF-4) and 
without (NcORF-4w) a signal peptide (A and B, respectively) in yeast 
S. cerevisiae from a plasmid pAG423GPD-EGFP-ccdB. Yeast were grown in 
YNB –his for 16-18 h at 30°C with shaking, DAPI stained and cells were checked 
under a standard fluorescent microscope (Zeiss). Images were processed with 
ImageJ. A total of 150 yeast cells were screened per strain. Scale bar = 5 µm. 
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Statistical analysis of yeast cells expressing NcORF-4 and NcORF-4w. 
 
Fig. 5-8. Statistical analysis of nuclear and cytoplasmic localisation of 
NcORF-4 (with a signal peptide) and NcORF-4w (without a signal peptide) 
tagged either with C or N terminal EGFP and expressed in S. cerevisiae. 
Fisher`s test was performed to analyse the difference between cells expressing 
N. ceranae protein tagged with either C or N terminal tag, and expressed with 
(with SP) or without a signal peptide (no SP). A total of 150 cells were checked 
per yeast strain. A. There was a significant difference between localisation of 
cells expressing C-terminally tagged Nosema protein with a signal peptide (with 
SP) and C-terminally tagged cells expressing Nosema protein without a signal 
peptide (no SP) (p < 0.05). B. There was a significant difference between 
localisation of cells expressing N-terminally tagged Nosema protein with a signal 
peptide (with SP) and N-terminally tagged cells expressing Nosema protein 
without a signal peptide (no SP) (p < 0.05). C. There was no significant difference 
in localisation between cells expressing Nosema protein with SP and C terminal 
tag, and cells expressing Nosema protein with SP tagged but with N terminal tag 
(p > 0.05). D. There was no significant difference in localisation between cells 
expressing C-terminally tagged Nosema protein without SP and cells expressing 
N-terminally tagged Nosema protein without SP tagged (p > 0.05). 
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5.4.3. Co-localisation of N. ceranae putative proteasome subunit  in yeast  
In order to check whether N. ceranae putative beta proteasome protein NcORF- 4 
is able to localise to the proteasome complex of S. cerevisiae, strains expressing 
yeast GFP-tagged alpha (Pre6/α4, Pup2/α5 and Pre5/α6) and beta (Pre3/β1, 
Pup1/β2 and Pre2/β5) subunits were transformed with pAG426GDP-ccdB-
DsRED plasmid harbouring NcORF-4 or NcORF-4w. The plasmid allows 
C- terminal tagging of the gene of interest with the red fluorescent protein DsRED. 
Fluorescence microscopy showed that N. ceranae protein, both with (NcORF-4) 
and without a signal peptide (NcORF-4w), was able to localise to beta (Fig. 
5- 9a.b.c) and alpha type subunits (Fig. 5-9d.e.f) of the S. cerevisiae proteasome. 
The cut-off for the cells expressing co-localising N. ceranae and S. cerevisiae 
proteins was set up at >65%. Such levels of co-localisation were observed for 10 
generated strains expressing both S. cerevisiae and N. ceranae proteins (Fig. 
XI- 1 in Appendix XI). In case of two strains, expressing S. cerevisiae Pup1-GFP 
and NcORF4w-DsRED (Fig. 5-9.B.b), and S. cerevisiae Pup2-GFP and 
NcORF4- DsRED (Fig. 5-9.C.e), co-localisation of both proteins was observed 
only in 18% and 10% of cells, respectively (Appendix XI).  
 
 
5.4.4. NcORF-4w expression in D. melanogaster  
D. melanogaster responder line harbouring NcORF-4w under the UAS promoter 
was crossed with Actin5C-GAL4/TM6B line (the “driver”) in order to drive 
ubiquitous expression of the N. ceranae gene. Expression of NcORF-4w did not 
cause lethality in flies as embryos were able to develop into larvae, pupate and 
turn into fully developed adults. No obvious morphological nor behavioural effects 
were observed, but this needs to be further tested. Initial standard fluorescence 
microscopy of the flies expressing NcORF-4w revealed its cytoplasmic 
localisation in the Malpighian tubules, imaginal discs, intestines, fat body and 
trachea (pictures not shown), and nuclear localisation in the fly salivary glands. 
Subsequent confocal microscopy confirmed that NcORF-4w localises throughout 
the nucleoplasm and perhaps localises to the nucleoli (Fig. 5-10, white arrows; 
Fig.X-3 in Appendix X), but this needs to be further investigated by utilising more 
specific molecular markers. Also, NcORF-4w was seen around the periphery of 
the salivary gland cells (Fig. 5.10, yellow arrow). This phenotype was visible in 
100% checked samples (n=10).   
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Fig. 5-10. Confocal localisation of NcORF-4w in D. melanogaster salivary 
glands. A fly line Dm-Nc4w was crossed with the Actin5C-GAL4/TM6B driver in 
order to ubiquitously drive expression of EGFP-tagged NcORF-4w. Larvae were 
dissected according to the standard procedures. Tissues were fixed in 4% 
formaldehyde and the nucleus was stained with DAPI. NcORF4w-EGFP localises 
to the nucleus and perhaps nucleoli (white arrow) of the salivary glands. 
NcORF4w-GFP also localises to the periphery of the salivary gland cells (yellow 
arrow). Larvae with TM6B, which confers a “tubby” body phenotype, were used 
as a control. A total of ten larvae were screened per line (n=10). Scale bar 
represents 35 µm. 
 
5.4.5. Summary  
N. ceranae gene NcORF-4, encoding a putative proteasome beta type subunit, 
was investigated in two eukaryotic model organisms, S. cerevisiae and 
D. melanogaster. Expression of N. ceranae protein in yeast revealed its nuclear 
localisation regardless of the tag type, however only when the protein was 
deprived of its signal peptide (Fig. 5-5, Fig. 5-6 and Fig. 5-7). Subsequent 
expression of NcORF-4w in a fruit fly also showed that the nucleus is its prime 
target (Fig. 5-10). Moreover, NcORF-4w probably localises to the cell nucleoli of 
the salivary gland cells, but this requires further investigation.  
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5.5. DISCUSSION  
The aim of the present study was to characterise N. ceranae NcORF-4, a putative 
proteasome beta subunit, utilise two heterologous models S. cerevisiae and 
D. melanogaster in order to determine its localisation and investigate NcORF-4 
interactions with the proteasome complex, all of which would help elucidate its 
function in its native host. 
 
 
 
5.5.1. Structural analysis of NcORF-4 
Proteasomes are multicatalytic complexes and are crucial in a wide range of 
cellular processes. The core structure of the proteasome is built up from beta and 
alpha subunits, where the three beta subunits (β1/Pre3, β2/Pup1 and β5/Pre2) 
have catalytic activity, whereas the alpha subunits have structural functions (Groll 
et al., 1999) (see section 5.1.1). A wide range of bioinformatics tools enabled 
detailed characterisation of N. ceranae protein NcORF-4, predicted to be a 
proteasome subunit. Homology searches revealed that NcORF-4 is similar to the 
β subunit of the proteasome (Table 5-2). Interestingly, NcORF-4 is highly similar 
to the catalytic subunits of S. cerevisiae (Table 5-2) and its predicted active sites 
(Fig. 5-3) suggest that NcORF-4 itself may have catalytic activity. Thus 
S. cerevisiae could constitute a good model to study putative NcORF-4 
proteasome-specific endopeptidase activity.  
Enzymatic activity of the 26S proteasome complex is sustained by magnesium 
ions (Mg) and ATP (Gaczynska and Osmulski, 2005a, 2005b). In yeast, chelators 
of divalent cations, such as magnesium ions, link proteasome beta subunits via 
β- trans-β interactions. Interactions that form between β6 and β2 subunits or β3 
and β5, are dependent on the presence of Mg, hence the role of Mg ions in 
stabilizing the 20S proteasome complex (Groll et al., 1997). A ligand binding site 
predictions for NcORF-4 by 3D LigandSite (Fig. 5-4) suggests that NcORF-4 may 
require magnesium ion(s) in order to be fully functional. However, whether 
NcORF-4 has any catalytic activity and whether it requires the presence of other 
molecules has not been assessed during the course of this study and those 
predictions will have to be subjected to further testing utilising, for example, in 
vitro proteasome activity assay kits, which are commercially available.   
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It must be noted that structural predictions for NcORF-4 are based on homology 
comparisons with proteins, which had been crystallised and their structures 
analysed, which were subsequently deposited in protein depository databases 
(such as RSCB Protein Data Bank). In order to obtain the real structure of 
NcORF-4, it should to be crystallised and subjected to analysis by e.g. X-ray 
crystallography. Generated data could be then used for building its own structural 
model. 
 
5.5.2. Expression and localisation of NcORF-4w in S. cerevisiae 
Effectors have been shown to target a range of host compartments such as the 
cytoplasm, plasma membrane, chloroplasts, mitochondria or nucleus (Hicks and 
Galán, 2013; Krachler et al., 2011). Bioinformatic predictions for NcORF-4 
(Table II-1 in Appendix II; section 5.4.1.3) has showed that NcORF-4 may also 
target the nucleus and the presence of a predicted N-terminal signal peptide in 
NcORF-4 protein structure suggests its extracellular localisation.  
Nuclear transport is generally mediated by the presence of nuclear localisation 
signal (NLS) in a protein amino acid sequence, and such sequences have 
previously been identified in yeast proteasome subunits (Russell et al., 1999; 
Wójcik and DeMartino, 2003). Identification of a putative NLS in NcORF-4 and 
subsequent experimental assays, confirmed that NcORF-4 is able to localise to 
the yeast nucleus. However, low efficiency of nuclear translocation of NcORF-4 
(Fig. 5-5, Fig. 5-6 and Fig. 5-7) suggests that the protein may not target the yeast 
nucleus exclusively or there might be other factors responsible for the 
translocation to occur. This could also be caused by the slight difference of the 
NcORF-4 putative NLS (PSVKKAAMIAK between 111-121 aa) compared to the 
canonical NLS sequence XXK(K/R)X(K/R), where X can be any residue 
(Boulikas, 1993). This difference may contribute to problems in recognition of this 
heterologous protein by the yeast cellular nuclear machinery.  
Interestingly, nuclear localisation of NcORF-4 was seen only when the protein 
was deprived of its signal peptide and occured regardless of whether it was 
tagged N- or C-terminally. This implies that, in order for the NcORF-4 to enter the 
nucleus, the signal peptide must be cleaved off beforehand (Fig. 5-5b and d; Fig. 
5-6.Bb; Fig. 5-7.Bb), as the protein with a signal sequence remained cytoplasmic 
(Fig.5-5a and c; Fig. 5-6.A; Fig. 5-7.A). It has already been shown that the beta 
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subunits are synthesised as precursors (pro-peptides) and must be deprived of 
the short N- terminal part during assembly of the proteasome complex in order to 
expose a threonine residue, which is responsible for the catalytic activities of beta 
subunits 1, 2 and 5 (Groll et al., 1999; Heinemeyer et al., 1997; Li et al., 2007) 
and this may also be true for NcORF-4. Moreover, cleavage of the SP in NcORF4 
may account for subtle changes in its secondary structure and exposure of its 
putative NLS (section 5.4.1.3).  
 
5.5.3. Does NcORF-4w localise to the nucleus of D. melanogaster salivary 
glands? 
In order to study infection conditions as close to the native as possible (i.e. effect 
of N. ceranae effectors on a multicellular organism), the model organism 
D. melanogaster was chosen to further study NcORF-4. N. ceranae protein was 
inserted into the fly genome without its signal peptide (NcORF-4w) to mimic the 
infection process. Expression of NcORF-4w did not cause any lethality in the fly 
development nor did it cause any obvious alterations in the fly morphology. When 
expressed in D. melanogaster, NcORF-4w showed cytoplasmic localisation in the 
majority of the fly cellular compartments (section 5.4.4). Interestingly, NcORF-4w 
was found to localise to the nucleus and the peripheries of salivary gland cells.  
Insect salivary glands are important repositories. For example, the third instar 
larvae excrete “glue” containing mucopolysaccharides which then pupa uses to 
attach itself to a substratum (Korge, 1975; Shirk et al., 1988). A protein C002 from 
the salivary gland secretion of the pea aphid has been shown to be essential for 
its feeding and foraging (Mutti et al., 2008). In honey bees, number of other 
compounds has also been identified in their salivary glands, however functions 
of many are still uncertain. For example, hydrocarbons and pheromones are 
hypothesised to function in bee recognition and maturation, respectively (Katzav-
Gozansky et al., 2001; Leoncini et al., 2004). Moreover, salivary glands have 
been identified as the site of synthesis of aldolase and acetyl-CoA acyltransferase 
2 that mediate carbohydrate metabolism, and imaginal disc growth factor 4 
(IDGF4). IDGF4 is secreted into the honey and royal jelly suggesting its function 
in larvae growth and caste differentiation (Fujita et al., 2010). Such abundance of 
organic compounds in the salivary glands could explain their targeting by 
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N. ceranae effector NcORF-4w (a putative proteasome subunit) which could 
exploit those reservoirs for its benefits.  
Many intracellular pathogens, which rely entirely on its host supplies, have been 
shown to infect the salivary glands of insects. Mosquitoes from Anopheles genus, 
can be reservoirs for parasites such as protozoa Plasmodium, which causes 
malaria (Ghosh and Jacobs-Lorena, 2009), while honey bee salivary glands can 
be targeted by viruses, such as acute bee paralysis virus (ABPV) (Govan et al., 
2000; Lanzi et al., 2006) or the more recently identified tobacco ringspot virus 
(TRSV) (Li et al., 2014). Double-stranded DNA salivary gland hypertrophy viruses 
(SGHVs) has been shown to target nucleus of the Dipteran salivary gland in order 
to replicate (Lietze et al., 2011). This is characterised by enlargement of the 
ovaries due to suppression of vitellogenesis, increase in size of salivary glands 
and changes in mating.  
N. ceranae does not show tissue tropism as the presence of this microsporidian 
has been confirmed in many tissue types, including salivary glands (Chen et al., 
2009a; Copley and Jabaji, 2012). One of the aim of this study, however, was to 
assess localisation of N. ceranae effector protein NcORF-4. Nuclear localisation 
of NcORF-4w, both in S. cerevisiae and D. melanogaster, implies that the cell 
nucleus is the target of this effector. Moreover, localisation of NcORF-4w to the 
nucleus and perhaps nucleolus of the salivary glands (Fig. 5-10) suggests that 
NcORF-4 could target cell nuclear machineries, such as ribosomal RNA (rRNA) 
synthesis (Raska et al., 2006). Therefore, the exploitation mechanisms of the 
salivary glands by NcORF-4w should be further investigated at the molecular 
level, despite no noticeable morphological aberrations of D. melanogaster and 
S. cerevisiae expressing this effector nor behavioural changes in the flies.  
 
5.5.4. Does NcORF-4 interact with components of the ubiquitin-proteasome 
system? 
 
 
Many intracellular pathogens have been shown to secrete effector proteins 
targeting components of the ubiquitin-proteasome system (UPS) in order to hijack 
and/or manipulate it in many manners. Bacteria, for example, use their secretion 
systems (mainly type III T3) to directly inject effectors into the host cell (Angot et 
al.,  2007). X. campestris (Xcv) has been shown to inject the XopJ, belonging to 
the YopJ family of cysteine proteases (acetyltransferases), which targets the host 
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proteasome and results in suppression of salicylic acid, which in turn delays onset 
of necrosis and changes host transcriptional responses upon bacterial infection 
(Üstün et al., 2013). N. parisii is able to escape host ubiquitination and perhaps 
supresses some components of host Ub-mediated immune responses (Bakowski 
et al., 2014), whereas Salmonella effectors SopA and SopB require host 
ubiquitination in order to function (Marcus et al., 2002). In contrast, effector YopJ 
of Yersinia pseudotuberculosis can deubiquitinate NFκB resulting in inhibition of 
the host inflammatory pathway (Zhou et al., 2005). Other effectors, such as Avr3a 
of Phytophthora infestans, can mimic host E3 ligase and prevent host cell death 
(Bos et al., 2010). Moreover, an effector of a plant pathogen Pseudomonas 
syringae pv. Syringae, syringolin A (SylA), has been shown to inhibit all three 
proteasome catalytic sites (Groll et al., 2008).     
Correct protein processing by the proteasome complex, folding of its individual 
subunits and interaction between mature beta subunits are crucial for 
proteasome catalytic activity (Chen and Hochstrasser, 1995), hence interfering 
with any component of the proteasome may be critical and can cause changes in 
its activity. Based on the presence of SP in NcORF-4 and its high similarity to 
proteasome subunits (Table 5-2), it has been hypothesised that once secreted 
inside the host, NcORF-4w could interact with components of the host 
proteasome complex. The presence of putative binding sites in NcORF-4 (Fig. 
5- 3), which are specific to the beta subunits, suggests that NcORF-4 could 
interact with structural components of the proteasome or with molecules 
interacting with this particular complex. In order to verify presumed NcORF-4 
interactions, S. cerevisiae strains were generated expressing both S. cerevisiae 
proteasome subunit and NcORF-4. Fluorescence microscopy revealed that 
NcORF-4 (either with or without a signal peptide) can localise to the yeast 
proteasome subunits (Fig. 5-9). However, lack of high levels of co-localisation in 
two strains should be further investigated as binding of NcORF-4 protein may be 
factor-dependent. This could also be due to weak/temporary interactions of 
NcORF-4 with the yeast proteasome or screening un-synchronised yeast cells, 
therefore synchronisation assays and time series analysis should be performed.  
Our initial attempts of Co-IP followed by mass-spectrometry analysis suggest that 
NcORF-4 may interact with components of the UPS system, however this needs 
to be validated. Future experiments will aim in determining presumable NcORF- 4 
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interactions with the host UPS. Furthermore, the mode of action of NcORF-4 and 
whether NcORF-4 can change the function and/or structure of the proteasome 
itself should also be investigated. 
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Chapter 6  
 
General Discussion 
 
6.1. OVERVIEW 
Honey bees are important pollinators and their economic value is priceless (Klein 
et al., 2007). Recent bee infections and massive depopulation of bee colonies, 
termed Colony Collapse Disorder (CCD), have often been associated with a 
microsporidian, N. ceranae (Cox-Foster et al., 2007; Higes et al., 2006, 2009, 
2013). N. ceranae was not studied until 1996, when it was described for the first 
in the Asian honey bee, Apis cerana (Fries et al., 1996), followed by its 
identification in the European honey bee, Apis mellifera ten years later (Higes et 
al., 2006). Current research indicates that N. ceranae may have switched its 
original host over a relative short period of time (Higes et al., 2006; Klee et al., 
2007). It is more virulent than the other common bee parasite, N. apis (Higes et 
al., 2006; Paxton et al., 2007) and due to the lack of detectable N. ceranae 
infections in some parts of the world (Chaimanee et al., 2012; Chaimanee et al., 
2010), it has been postulated that N. ceranae may be replacing N. apis. 
N. ceranae spores are more resistant to temperature variations (Martin-
Hernandez et al., 2009), however both Nosema species constitute a big threat to 
bee populations in many countries around the world (Klee et al., 2007). While 
N. apis shows tissue tropism as it predominantly infects the midgut epithelium 
cells (Fries, 1988), DNA of N. ceranae has also been detected in other organs, 
such as hypopharyngeal glands, guts, Malpighian tubules, cephalic tissues, 
mandibular glands, thoracic salivary glands and venom sacs and fat bodies 
(Chen et al., 2009; Copley and Jabaji, 2012; Gisder et al., 2010; Liu, 1990), 
suggesting that N. ceranae may indirectly affect those parts.  
Microsporidia are intracellular, eukaryotic parasites making them entirely 
dependent on host nutrient availability (Williams, 2009; Wittner and Weiss, 1999). 
The life cycle of N. ceranae occurs in the cytoplasm of the host epithelial cells 
(Gisder et al., 2011; Fries et al., 1996) and recent studies have shown that 
N. ceranae infection exerts many pathological effects on honey bees physiology, 
its behaviour and the immune response (summarised in Table 1-4). Manipulation 
                                                                                                        Chapter 6: General Discussion 
 
178 | P a g e  
 
of the host behaviour and its major cellular pathways is a common strategy of 
pathogens (Shi et al., 2014; Vidau et al., 2014), however in most cases the 
underlying mechanisms of those processes remain to be deciphered. Thus recent 
studies aim to identify virulence attributes that mediate pathogen`s infection and 
its propagation, and try to elucidate their mode of action at the molecular level. 
 
6.1.1. N. ceranae secretome 
Some microsporidia have the smallest eukaryotic genomes identified so far 
(Corradi et al., 2010) and N. ceranae genome, with the size of 7.86 kDa, encodes 
only 2614 proteins (Cornman et al., 2009). However despite such a small genome 
size, N. ceranae have retained a considerate subset of ORFs with characteristic 
short, N-terminal signal peptides which could direct the proteins into the 
extracellular space (Nielsen et al., 1997). This study originated with the 
identification of such candidate virulence factors in N. ceranae genome by 
Cornman et al. (Cornman et al., 2009). They identified 88 putatively secreted 
N. ceranae proteins using a popular bioinformatics tool that predicts signal 
peptides, SignalP 3.0 (Nielsen et al., 1997). I started characterisation 46 of these 
88 N. ceranae proteins and used bioinformatics approach to generate predictions 
of their function and subcellular localisation. However, the bioinformatics tools 
are based on experimental results that come from other model organisms, thus 
caution should be applied when extrapolating results for microsporidia. 
Therefore, in order to validate gene predictions for N. ceranae, it was necessary 
to apply experimental approaches with functional and localisation assays. 
Limited genetic manipulation systems for microsporidia and the lack of robust in 
vitro cultivation methods for N. ceranae spores, make it difficult to undertake any 
experiments (see section 1.4.2). To overcome that obstacle, alternative model 
organisms were chosen to study N. ceranae gene functions.  A budding yeast 
S. cerevisiae and a fruit fly D. melanogaster were employed due to a variety of 
molecular tools available for those organisms (section 1.4.3 and 1.4.4). 
Moreover, both organisms are widely used in determining function of the 
heterologous genes, even humans (Shan et al., 1999; Prüßing et al., 2013).  
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6.1.2. Generation of N. ceranae ORFeome and its phenotypic screening 
This study began with the generation of N. ceranae secretome library, the first 
generated microsporidian ORFeome so far, which will constitute an important 
platform for future studies. Application of the Gateway® technology enabled fast 
and efficient generation of pENTRY vectors, which in turn allows the transfer of 
the gene of interest into a variety of pDEST vectors (available for both 
S. cerevisiae and D. melanogaster) in order to heterologously express and study 
N. ceranae proteins.  
Generation of S. cerevisiae strains expressing EGFP tagged N. ceranae proteins, 
followed by a reverse genetic approach with an application of a wide range of 
molecular biology techniques, aimed to identify N. ceranae proteins important for 
its biology and/or its virulence. General screening of the S. cerevisiae strains 
identified a set of N. ceranae proteins causing detrimental effects on yeast fitness, 
thereby inhibiting their growth, while other phenotypic assays identified proteins 
potentially involved in a range of molecular pathways and cellular processes, 
such as the MAP kinase pathways, mating or remodelling of the cell wall (section 
3.4.3). Following these screens, fluorescence microscopy assays enabled 
investigation of putative N. ceranae spore wall proteins (SWPs). This screening 
revealed that the microsporidian signal peptide can be recognised by the yeast 
system and it is important for directing putative N. ceranae SWPs to their 
destination (Fig. 3-11). Moreover, strains expressing putative N. ceranae SWP 
also exhibited sensitivity on caffeine and ethanol (summarised in Table 3-9), 
which can affect the cell wall (refer to section 3.5.2). Hence, this study shows that 
the results of the phenotypic assays reinforce the bioinformatic predictions for the 
putative N. ceranae spore wall proteins. 
  
6.1.3. S. cerevisiae complementation assays with N. ceranae genes 
In the next part of the study, I applied a yeast complementation approach to verify 
predicted catalytic properties of two N. ceranae genes: NcORF-15, encoding a 
putative thioredoxin and NcORF-16, encoding a putative hexokinase, utilising 
S. cerevisiae knockout strains available from the research community. 
NcORF- 15 (with and without a signal peptide) was able to rescue the 
S. cerevisiae Δtrx2 (Open Biosystems) sensitivity under conditions of oxidative 
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stress (Fig. 4- 10). The antioxidant properties of NcORF-15 could explains the 
higher tolerance of N. ceranae spores to unfavourable conditions within its host, 
such as production of reactive oxygen species (ROS), which is a common 
response of insects upon infection (Dussaubat et al., 2012; Bier and Guichard, 
2012; Kuraishi et al., 2013). This study shows that secretion of NcORF-15 could 
protect N. ceranae spores from the oxidative stress within the host, thereby 
mediating its environmental resistance and therefore promoting its growth and 
survival within the host. 
To access the function of N. ceranae NcORF-16, I used S. cerevisiae YSH7.4- 3C 
strain (a triple knockout for HXK1, HXK2 and GLK1) lacking all endogenous 
hexokinase activity. In this strain growth is inhibited on carbon sources such as 
glucose and raffinose (De Winde et al., 1996). The lack of phenotype rescue of 
the YSH7.4-3C strain suggests that NcORF-16 does not complement glucose 
phosphorylation activity in the triple yeast mutant and thus may not have catalytic 
properties. It has been hypothesised that secretion of a hexokinase in 
microsporidia is a unique feature of these intracellular parasites (Cuomo et al., 
2012; Nakjang et al., 2013; Senderskiy et al., 2014). Therefore, the secretion of 
a hexokinase would allow direct access to the host glucose reservoirs, thus 
providing an advantage over other intracellular organisms during competition for 
host`s nutrients. Interestingly, N. ceranae infections have been associated with 
energetic stress in bees (Alaux et al., 2010; Martín-Hernández et al., 2011; 
Mayack and Naug, 2009; van der Zee et al., 2014; Vidau et al., 2014) and this 
could be due to phosphorylation of host hexoses which, in this state, are destined 
for glycolysis (Fig. VIII-3 in Appendix VIII). Moreover, it has been hypothesised 
that due to the lack of mitochondria in microsporidia and an inability to perform 
oxidative phosphorylation, they may utilise ATP from the host and thus causing 
an extra energetic stress. Also, as they retained components of the glycolytic 
pathway, they could produce ATP through glycolysis (Cornman et al., 2009; 
Keeling and Fast, 2002; Williams, 2009; Williams et al., 2010; Weidner et al., 
1999). However, our results show lack of catalytic activity of NcORF-16, but this 
may be due to the use of a heterologous host and therefore in vitro hexokinase 
assays should be performed to validate this data. Future experiments will also 
determine whether NcORF-16 exerts any energetic effect on its host or whether 
it has other functions in the N. ceranae life cycle.  
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6.1.4. Nuclear localisation of N. ceranae proteins 
An important step in elucidating a protein`s function is by knowing its native 
subcellular localisation (Nair and Rost, 2005). By constructing fusions of 
N. ceranae proteins to the EGFP tag, it was feasible to identify N. ceranae 
proteins associated with the nucleus, namely NcORF-36w and NcORF-4w. 
However due to time limitations, only NcORF-4w, a putative proteasome subunit, 
was further investigated, leaving NcORF-36w an attractive candidate for future 
analysis. Fluorescence microscopy revealed that expression of NcORF-4 without 
a signal peptide causes its translocation to the cell nucleus, both in S. cerevisiae 
and D. melanogaster. Moreover, deprivation of NcROF-4 of its signal peptide was 
necessary for its nuclear localisation in S. cerevisiae (section 5.4.2). Interestingly, 
NcORF-4w localised to the nucleus only in fly salivary glands and probably 
localises to their nucleoli (Fig. 5-10) but this needs to be verified by assays with 
more specific molecular markers. Additionally, investigation of NcORF-4 (with 
and without a signal peptide) in S. cerevisiae GFP strains (Life Technologies), 
revealed that Nosema protein may co-localise to the S. cerevisiae subunits of its 
proteasome complex (Fig. 5-9), however this also should be validated by more 
experiments.  
Many pathogen have been shown to secrete effector proteins targeting the cell 
nucleus in order to hijack their functions (Schornack et al., 2010; Canonne and 
Rivas, 2012; Quentin et al., 2013), however our knowledge about the molecular 
basis of many is still scarce. The target and the function of NcORF-4w protein 
remains elusive and future experiments will determine why NcORF-4w localises 
to the cell nucleus and perhaps the nucleolus, and finally, what effect on the host 
does NcORF-4w exerts. Nevertheless, based on the obtained results from 
S. cerevisiae and D. melanogaster, it can be concluded that NcORF-4w also 
targets the nucleus of A. mellifera and future studies, such as co-
immunoprecipitation of the salivary glands expressing Nc-ORF-4w, will reveal 
potential NcORF-4w interaction partners and will determine its role in the host-
pathogen interactions. 
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6.1.5. Application of the eukaryotic model organisms to study 
Microsporidia 
Here I show that two model organisms can be employed for heterologous 
expression of microsporidian proteins. S. cerevisiae model was successfully used 
in a high-throughput, phenotypic screen of the N. ceranae secretome library 
generated in this study. Introduction of D. melanogaster as a novel model 
organism for microsporidia, has shown that microsporidian genes can be 
successfully expressed in the fruit fly and that D. melanogaster could be 
applicable to study genes of other microsporidian with no developed molecular 
tools. Moreover, D. melanogaster may become a host model of choice over cell 
cultures to study microsporidian genes. The cell cultures can be difficult to 
maintain, and in contradiction to the flies, cell lines are more prone to 
contamination. Moreover, there are no ethical issues with using flies, they are 
relatively cheap to maintain, easy to count and due to high fecundity of the 
females and a large number of flies can be easily used which will give statistically 
significant results. Furthermore, D. melanogaster has an advantage over a single 
cell eukaryote S. cerevisiae, as S. cerevisiae may not always reflect real 
conditions of infection due to the lack of some pathways, such as components of 
the immune system. Thus D. melanogaster can reveal more information about 
the host-pathogen interactions. However, the main disadvantage of the fly system 
is the lack of permanent stock (i.e. available only as live cultures) and it may not 
be suitable model to study pathogens whose virulence genes are activated at 
temperatures higher than 30°C, as D. melanogaster is killed at 37°C (Igboin et 
al., 2012).  
 
 
6.2. FUTURE PERSPECTIVES 
Our understanding of N. ceranae pathogenicity still remains limited, therefore 
future experimental analysis of its genes is necessary. One of the aims of this 
study was to develop a platform to investigate N. ceranae secretome, which 
would provide a useful tool for further investigations. This study yielded a total of 
91 entry vectors for predicted N. ceranae secreted proteins (Table 3-7) and more 
is being currently created (Graham Thomas, Exeter). Moreover, by taking 
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advantage of the generated S. cerevisiae strains expressing N. ceranae fused to 
EGFP, its gene functions can be further explored. 
  I showed that a putative N. ceranae thioredoxin NcORF-15 could rescue 
S. cerevisiae Δtrx2 phenotype upon exposure to external oxidative stress 
(Fig. 4-10) and the catalytic activity of NcORF-15 was hypothesised to be due 
to the presence of the C-X-X-C motif in its TRX-like domain (Fig. 4-1). In order 
to verify that, only the TRX-like domain should be expressed in S. cerevisiae 
Δtrx2 and the strain`s growth assessed under oxidative stress. Moreover, due 
to the presence of a PDI domain in its structure, NcORF-15 should be 
investigated as a potential candidate involved in protein folding. 
   As described in Chapter Four, S. cerevisiae may not provide the appropriate 
machinery for heterologous expression of N. ceranae NcORF-16. In order to 
validate the catalytic activity of NcORF-16, a putative hexokinase, the protein 
should be expressed and its activity checked in vitro using commercially 
available hexokinase assay kits. Moreover, to check whether NcORF-16 is 
able to translocate to the nucleus (as does S. cerevisiae Hxk2), its expression 
should be screened in a high glucose environment. 
  Co-immunoprecipitation should be performed in both S. cerevisiae and 
D. melanogaster expressing NcORF-4w in order to validate our preliminary 
results regarding its interactions with the proteasome-ubiquitin system. 
Additionally, cross linking which would strengthen protein-protein 
interactions, could be applied as the proteasomal interactions may be 
temporary and only for a short period of time. In order to assess the catalytic 
activity of NcORF-4w, a commercially available in vitro proteasome activity 
assay should be performed. Moreover, NcORF-4w could be introduced into 
a yeast knockout for a proteasome subunit. Additional fusion of N. ceranae 
protein with a protein tag in such a strain would help answer questions like: 
What proteins does NcORF-4w interact with? Does it interact with the 
components of the proteasome-ubiquitin system? Is NcORF-4w able to 
incorporate into the host proteasome complex? Does it inhibit or promote the 
proteasome assembly? What are the molecular mechanisms of NcORF-4w?  
  Furthermore, development of NcORF-4-specific antibodies would enable 
more accurate assay, such as immunolocalisation of NcORF-4w in the 
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nucleus of D. melanogaster salivary glands. Interestingly, N. ceranae 
infection has been shown to cause the cell and the nucleus to swell (Higes et 
al., 2007), however to investigate whether NcORF-4 could cause such 
symptoms, further D. melanogaster transgenes will have to be examined and 
analysed. Future experiments will also address the question, why the nucleus 
of D. melanogaster salivary glands, is the predominant target of NcORF-4w 
and why N. ceranae protein would target their nucleoli.  
   Genetic interactions of N. ceranae proteins could be explored in S. cerevisiae 
by application of the synthetic gene array (SGA). However, our attempts of 
the SGA with NcORF-4w and NcORF-39w, did not reveal any functional data 
about N. ceranae proteins as I was unable to complete the screen due to lack 
of tetrad formation after mating the two libraries. This needs further 
investigation. 
  The presence of genes, such as DICER or argonaute in the N. ceranae 
genome (Cornman et al., 2009; Corradi and Selman, 2013), could allow 
utilisation of e.g. RNA interference (RNAi). Such experiments have already 
been performed in N. ceranae targeting its ADP/ATP transporters, which 
proved to be successful (Paldi et al., 2010) and RNAi could be used to target 
N. ceranae effector proteins.  
   Gene expression can be estimated by real time qPCR, while RNA extraction 
and array hybridization could be carried out in order to determine gene up- 
and down-regulated due to the expression of N. ceranae genes in both 
S. cerevisiae and D. melanogaster.  
   A number of microsporidian genomes have been sequenced so far and due 
to the falling cost of sequencing, more genomes will probably be determined 
in the near future. By utilising a comparative genomics approach, the 
N. ceranae genome could be compared with the recently sequenced N. apis 
genome (Chen et al., 2013a), another major bee parasite, and genes 
hypothesised to be responsible for higher virulence of N. ceranae, could be 
further explored experimentally.  
 The preliminary fluorescence microscopy screen of S. cerevisiae strains 
expressing N. ceranae should be validated with more accurate confocal 
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microscopy and specific molecular markers should be applied to confirm 
results from this study. 
   Transformation of S. cerevisiae BY4741 with five pDEST vectors did not yield 
any transformants (Table 3-7). Those vectors require further investigation as 
they may harbour genes which are toxic for yeast cells, and thus may have a 
negative effect on A. mellifera. In order to investigate that, new Gateway 
plasmids could be generated carrying these N. ceranae genes under an 
inducible promoter and in a low copy plasmid. An effect of the N. ceranae 
proteins could subsequently be assessed in S. cerevisiae.  
  By taking advantage of the developed lepidopteran IPL-LD-65Y cell line 
(Gisder et al., 2011), the cells could be infected with N. ceranae spores and 
the medium analysed by mass-spectrometry (MS) for the presence of 
secreted proteins, thus assessing the reliability of the bioinformatics 
approach. Additionally, Gateway-compatible Pichia pastoris system, could be 
introduced to study N. ceranae secreted proteins, as it has been shown to be 
more efficient in protein expression and secretion than S. cerevisiae 
(Sasagawa et al., 2011), 
   An attractive candidates for future analysis are ORFs lacking transmembrane 
domains and those with no assigned functions (see section 3.4.1), which 
could represent novel genes N. ceranae important for its virulence, host-
parasite interactions and/or survival (Corradi and Selman, 2013). Another 
interesting N. ceranae effector candidate is NcORF-36w, which I showed was 
able to closely associate with the yeast nucleus. Interestingly, NcORF-36 has 
predicted nuclear localisation signals (NLS; predicted with cNLS Mapper; 
Kosugi et al., 2009) and future confocal microscopy combined with the use 
of markers for subcellular compartment should confirm its localisation. 
Moreover, a Co-IP should identify its interaction partners. 
 
   NcORF-1 and NcORF-19, which show high similarity to a bacterial and yeast 
proteins, respectively, should be studied for horizontal gene transfer events 
by for example, complementing them into their original hosts.  
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6.3. FINAL CONCLUSION  
Many ORFeome libraries have been created in order to characterise proteins and 
investigate their functions (Dricot et al., 2004; Maier et al., 2012; Rajagopala et 
al., 2010; Matsuyama et al., 2006; Reboul et al., 2003; Lamesch et al., 2004; Rual 
et al., 2004b; Singh et al., 2014; Yu et al., 2014). This study provides a novel 
molecular tool to study the N. ceranae secretome, which will constitute an 
important tool for the research community enabling functional exploitation of 
N. ceranae genes predicted to be secreted extracellularly. Moreover, application 
of the Gateway technology enables utilisation of many pDEST vectors, 
depending on the need. Furthermore, I show that two model organisms, 
S. cerevisiae and D. melanogaster can be used successfully for heterologous 
studies of microsporidian genes. Availability of a range of molecular tools for both 
model organisms facilitated investigation of N. ceranae genes by performing a 
series of downstream functional experiments, such as the phenotypic or the 
complementation assays. I showed that NcORF-15 can rescue S. cerevisiae 
Δtrx2 phenotype under oxidative stress, whereas the fluorescence microscopy 
studies revealed that NcORF-4w targets both S. cerevisiae and D. melanogaster 
nucleus, and perhaps the fly`s nucleolus of the salivary glands. Further studies 
will unravel functions of the remaining N. ceranae secreted proteins, which may 
be important for the parasite`s adaptation to the host environment, thus providing 
a deeper insight into the host–N. ceranae interactions. This could further lead to 
development of diagnostic tools and effective treatment, such as vaccines or 
drugs, and this work provides an important tool for such investigations. 
Taken together, our work indicates that the N. ceranae effector proteins may play 
an important role in N. ceranae biology and its survival, and this study has just 
started to unravel effector gene functions of this important bee parasite. 
                                                                                                                                                               APPENDICES 
 
187 | P a g e  
 
APPENDIX I: Annotation of N. ceranae genes 
Table I-1. Annotation of N. ceranae genes used throughout this study. For 
simplicity, N. ceranae genes were annotated with new ORF numbers 1-46 and 
this nomenclature will be mainly used in this study. 
ORF 
number 
ID Reference 
NcORF-1 NcORF-01125 Nc000089-11612 
NcORF-2 NcORF-01130 Nc000090-11578 
NcORF-3 NcORF-00577 Nc000030-19574 
NcORF-4 NcORF-00654 Nc000036-18590 
NcORF-5 NcORF-02085 Nc000415-3289 
NcORF-6 NcORF-00173 Nc000006-35708 
NcORF-7 NcORF-01702 Nc000211-6537 
NcORF-8 NcORF-01752 Nc000225-6334 
NcORF-9 NcORF-00588 Nc000031-19544 
NcORF-10 NcORF-01029 Nc000075-12577 
NcORF-11 NcORF-00746 Nc000045-17399 
NcORF-12 NcORF-01410 Nc000133-9365 
NcORF-13 NcORF-00532 Nc000027-20143 
NcORF-14 NcORF-00172 Nc000006-35708 
NcORF-15 NcORF-02039 Nc000371-3693 
NcORF-16 NcORF-01159 Nc000094-11279 
NcORF-17 NcORF-00375 Nc000017-24761 
NcORF-18 NcORF-01093 Nc000083-11868 
NcORF-19 NcORF-00559 Nc000029-19847 
NcORF-20 NcORF-00318 Nc000014-26276 
NcORF-21 NcORF-00603 Nc000032-19542 
NcORF-22 NcORF-01931 Nc000310-4605 
NcORF-23 NcORF-01992 Nc000346-3998 
NcORF-24 NcORF-02557 Nc001565-861 
NcORF-25 NcORF-00728 Nc000044-17503 
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NcORF-26 NcORF-00449 Nc000021-21707 
NcORF-27 NcORF-01599 Nc000178-7498 
NcORF-28 NcORF-01480 Nc000148-8607 
NcORF-29 NcORF-00865 Nc000056-15755 
NcORF-30 NcORF-01295 Nc000114-10314 
NcORF-31 NcORF-01529 Nc000161-8154 
NcORF-32 NcORF-02446 Nc000985-1218 
NcORF-33 NcORF-00838 Nc000054-15958 
NcORF-34 NcORF-00740 Nc000045-17399 
NcORF-35 NcORF-01001 Nc000070-13550 
NcORF-36 NcORF-01221 Nc000104-10729 
NcORF-37 NcORF-00064 Nc000002-58817 
NcORF-38 NcORF-00048 Nc000002-58817 
NcORF-39 NcORF-02090 Nc000421-3213 
NcORF-40 NcORF-02245 Nc000570-2364 
NcORF-41 NcORF-02428 Nc000919-1312 
NcORF-42 NcORF-00185 Nc000006-35708 
NcORF-43 NcORF-00071 Nc000002-58817 
NcORF-44 NcORF-01768 Nc000232-5975 
NcORF-45 NcORF-00314 Nc000013-26303 
NcORF-46 NcORF-00876 Nc000057-15749 
                      Continued from the previous page. 
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APPENDIX III: Primers used throughout this study 
Table III-1. List of ORF-specific primers used to amplify N. ceranae genes. 
wpep – without a signal peptide. 
Oligonucleotide Name Sequence 5' to 3'  
NcORF-01125 FORWARD 
AC AAA AAA GCA GGC TTC ATG   TCCCCAG 
CAATGTTATG CTTTTTGATA  
NcORF-01125 REVERSE 
A CAA GAA AGC TGG GTC  
TTTCAACATAATTTTCTTCTACAAAATAA 
NcORF-01125 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG ACTAACGAA 
TATGTTAATA AACAATCA 
  
NcORF-01130 FORWARD 
AC AAA AAA GCA GGC TTC ATG  AATCGTC 
TTAGCTTGCT TTTACTCTTA 
NcORF-01130 REVERSE 
A CAA GAA AGC TGG GTC  
CATGCGGAATACTATCTCATGTAACTCCAG 
NcORF-01130 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG GAAG 
GAACATGTGA TCAGAATCCT TAT 
  
NcORF-00577 FORWARD 
 AC AAA AAA GCA GGC TTC ATG   AAGCTAT 
TTCATAATTT TTTAGTAATT  
NcORF-00577 REVERSE 
A CAA GAA AGC TGG GTC-  
AATTTTTTTAATTTTTTCTCTCTTATTGTT 
NcORF-00577 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG A TGAGCCAACA 
ATCACAAAGC CTTTTA 
  
NcORF-00654 FORWARD 
AC AAA AAA GCA GGC TTC ATG TGTATTT 
CCTCCTTTTT ATATCTTATT  
NcORF-00654 REVERSE 
A CAA GAA AGC TGG GTC- 
ATTAAGAATTTTTTCTCCAGAATAAAAATA 
NcORF-00654 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG CAA TACATAGAAT 
CACAAGAAAA TTTT 
  
NcORF-02085 FORWARD 
AC AAA AAA GCA GGC TTC ATG AATTTGT 
TATTCCTCTT AAATTGTTTG 
NcORF-02085 REVERSE 
A CAA GAA AGC TGG GTC- 
TAATTCTTCTCTTGCAGTAGCCTTCTCTTC 
NcORF-02085 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG GTA GGAATTGACT 
TGGGTACTAC ATTC 
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NcORF-00173 FORWARD 
AC AAA AAA GCA GGC TTC ATG  AAATTGA 
TAAATAATAT GAAACTATGT  
NcORF-00173 REVERSE 
A CAA GAA AGC TGG GTC  
ATCGTTAATTATAGAGTGATCTACGCCATT 
NcORF-00173 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG ACACCATCA 
CAGTTCTTAA AGCCCGGT 
  
NcORF-01702 FORWARD 
AC AAA AAA GCA GGC TTC ATG  TTTCTTG 
TCCTAGCTAT AATTTTAAGT  
NcORF-01702 REVERSE 
A CAA GAA AGC TGG GTC  
TAAATTTTTATTCATTAACCTTTTTCTTAA 
NcORF-01702 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG AAAGAATA 
CATTACATCC CCTTTTATG 
  
NcORF-01752 FORWARD 
AC AAA AAA GCA GGC TTC ATG  ATCAATT 
TAGTACTACT AGTCCTATTA  
NcORF-01752 REVERSE 
A CAA GAA AGC TGG GTC  
AAATTCACCAGAAATGGTTTGTTTAGGTAT 
NcORF-01752 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG AGAA 
CAGAGTATAT AAAACATTAT TCA 
  
NcORF-00588 FORWARD 
AC AAA AAA GCA GGC TTC ATG  TTTCCTG 
TTCTACTATT TATCTTTTGC  
NcORF-00588 REVERSE 
A CAA GAA AGC TGG GTC  
ATAAAAATCTTTAAGTAAATCATTATCCTT 
NcORF-00588 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG GAAGAT 
TTTTTTCTTC ATTTCGTTACA 
  
NcORF-01029 FORWARD 
AC AAA AAA GCA GGC TTC ATG  ATAATTG 
AAATATTATG GTATTGTCTA  
NcORF-01029 REVERSE 
A CAA GAA AGC TGG GTC  
AAACATTTTAGAAAGCAATCTGGTTGTTGT 
NcORF-01029 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG AAACGAA 
CAAGTAAAGA TAAAATTTAT  
  
NcORF-00746 FORWARD 
AC AAA AAA GCA GGC TTC ATG  AAATTTA 
TGTTATGTCT TTTATTTACA  
NcORF-00746 REVERSE 
A CAA GAA AGC TGG GTC    
GAATAATTTAAAGAAATAATCATCATTTTC 
NcORF-00746 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG CTAGA 
ATGGAACTAT AATAACAATA AA 
Continued from the previous page 
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NcORF-01410 FORWARD 
AC AAA AAA GCA GGC TTC ATG  AGATTTA 
TTTTTATATT ATTCGCATTT  
NcORF-01410 REVERSE 
A CAA GAA AGC TGG GTC  
TTCTTCCTGATGAACAGGATCTCCTATATC 
NcORF-01410 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG GA CATGGTAAAA 
CTTACAAATT TATAT 
  
NcORF-00532 FORWARD 
AC AAA AAA GCA GGC TTC ATG    AAAATGT 
TAACACCTTG CTTTATATTT  
NcORF-00532 REVERSE 
A CAA GAA AGC TGG GTC  
ATCTATAAAATTCCATGAGGGGATAAACTT 
NcORF-00532 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG TATAAA 
ATAGAAAAAG GTAATTTTGT A 
  
NcORF-00172 FORWARD 
AC AAA AAA GCA GGC TTC ATG   ATATTTA 
CACTTATTTG TTTTTATTCA  
NcORF-00172 REVERSE 
A CAA GAA AGC TGG GTC  
TTTTTTTCTCATTTTTAAAATGTTTCTTAA 
NcORF-00172 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG CAAATTATT 
TATACAAGCT ATTTTACA 
  
NcORF-02039 FORWARD 
AC AAA AAA GCA GGC TTC ATG   TTGTTAA 
TATTTCTATT ACACTTTAGT  
NcORF-02039 REVERSE 
A CAA GAA AGC TGG GTC   
GACTCTTTTTTTGTTCTTACTTGATTTTGC 
NcORF-02039 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG GCAGTT 
GAAAGTTCAG GATTTGTTCT T 
  
NcORF-01159 FORWARD 
AC AAA AAA GCA GGC TTC ATG   AACTTTT 
TTCTGTTTTT TTATACCTCT  
NcORF-01159  REVERSE 
A CAA GAA AGC TGG GTC   
ATTCATTGTTTTTTTCGGTTTCACATTTTC 
NcORF-01159 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG TATGATGTA 
CCAGGTTACA CTAAAGAT 
  
NcORF-00375  FORWARD 
AC AAA AAA GCA GGC TTC ATG   ACTAAGA 
CAAAAAAATT CCCAAAAGTA  
NcORF-00375 REVERSE 
A CAA GAA AGC TGG GTC   
ATTAAAATCAACATCTATCTCAGAATTTTG 
NcORF-00375  FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG GAATTT 
TACAGAGAAA TCGTGATTAT G 
Continued from the previous page 
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NcORF-01093 FORWARD 
AC AAA AAA GCA GGC TTC ATG   AGACTTT 
TATTTTTTTT CACTGCAATA  
NcORF-01093 REVERSE 
A CAA GAA AGC TGG GTC   
TTTATATATAGGGTCAATATTTTGTGACAT 
NcORF-01093 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG CAGA 
ATCTAAATAT TAAAAGATTA ATA 
  
NcORF-00559 FORWARD 
AC AAA AAA GCA GGC TTC ATG   ACTCTAT 
TATTCTTATG GTTACTTAAA  
NcORF-00559 REVERSE 
A CAA GAA AGC TGG GTC   
AAAAATTTTCATCATTTTTTTTGGAAATCC 
NcORF-00559 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG GA TTTCAAGTTA 
GGCAAGACTA TACTT 
  
NcORF-00318 FORWARD 
AC AAA AAA GCA GGC TTC ATG   TTAGCTA 
GACTTTCAAT ACTATTCTTC  
NcORF-00318 REVERSE 
A CAA GAA AGC TGG GTC   
TTTATCAGCTATAGACAAAAGTAAAGTTTC 
NcORF-00318 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG CTTAGAGAAG 
ATGTATACAA TATCTTT 
  
NcORF-00603 FORWARD  
AC AAA AAA GCA GGC TTC ATG AAAAACC 
ATTTTCTTGT AAATTTTTTA  
NcORF-00603 REVERSE 
A CAA GAA AGC TGG GTC TTTTAATCTT 
AATGTACTAG AACCTGTATT 
NcORF-00603 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG  GAAAAAGAAC 
AACCTTCCGA AAAAGAT 
  
NcORF-01931 FORWARD  
AC AAA AAA GCA GGC TTC ATG ATTTTAG 
CGCTTTTATT CATAACATTT  
NcORF-01931 REVERSE 
A CAA GAA AGC TGG GTC TTCACATGGA 
TTTCGAAGAT CGTCTTCTTT 
NcORF-01931 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG   AGAGATTCTG 
TAGAAGATAC TAATGAA 
  
NcORF-01992 FORWARD 
AC AAA AAA GCA GGC TTC ATG  TTACTAT 
TTTTTATATT AATTTTATTA  
NcORF-01992 REVERSE 
A CAA GAA AGC TGG GTC- 
AAGCTGCCCTACGCCTGATGTAAATATTGT 
NcORF-01992 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG CT TGTATTACGA 
AACATAGAAT TAAGTG  
Continued from the previous page 
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NcORF-02557 FORWARD 
AC AAA AAA GCA GGC TTC ATG AAATTTG 
TATTATTAGT GTTATTTTTT  
NcORF-02557 REVERSE 
A CAA GAA AGC TGG GTC- 
TGTAACTTTATTAATTCGCTTGTATATTTT 
NcORF-02557 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG  AA AGACATTTAT 
GAGAATTTAT TGGAA 
  
NcORF-00728 FORWARD 
AC AAA AAA GCA GGC TTC ATG  AATCTGC 
AGATTATTTT ATGTTTATTA  
NcORF-00728 REVERSE 
A CAA GAA AGC TGG GTC-  
AAATAATGAATTCCAAAGCTCCTTAAAACT 
NcORF-00728 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG  GGC 
GATAACCATG ATGCTGTAAA ACCT 
  
NcORF-00449 FORWARD 
AC AAA AAA GCA GGC TTC ATG  AAGGCTA 
AAATAAACTT TGCTTTGATT  
NcORF-00449 REVERSE 
A CAA GAA AGC TGG GTC- 
AATGAAATATTGTTCAAGTAACTTATTTAA 
NcORF-00449 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG  ACAGATA 
ATACAACTGT ATCTATTTTT    
  
NcORF-01599 FORWARD 
  AC AAA AAA GCA GGC TTC ATG ACTTCAC 
GTTTAATAAT CGTTCCAGTA 
NcORF-01599 REVERSE 
A CAA GAA AGC TGG GTC-
TTTCGGCTTTTCATCTGCTGGATTCTCATT 
NcORF-01599 FORWARD wpep 
  AC AAA AAA GCA GGC TTC ATG  ACTACAAACG 
AAACGAGTGA AATACCA 
  
NcORF-01480 FORWARD 
AC AAA AAA GCA GGC TTC ATG ATGTTGAGTT 
TATTCTTGTC ATGTATTTTA 
NcORF-01480 REVERSE 
A CAA GAA AGC TGG GTC- 
TTTGAAAAACAAGAGGAAAGTAAGAATACC 
NcORF-01480 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG  GCC 
TTAAACGAGT CATCGGGTAA  TATG 
  
NcORF-00865 FORWARD 
AC AAA AAA GCA GGC TTC ATG AAATTAC 
ATAAGTTTGC TCTAGTTTCA 
NcORF-00865 REVERSE 
A CAA GAA AGC TGG GTC- 
AATGAGATATGAAACTCCTACAGCGCATAC 
NcORF-00865 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG   AATTG  
CATACAAGAT TTGTATCAGA TT 
Continued from the previous page 
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NcORF-01295 FOWARD 
AC AAA AAA GCA GGC TTC ATG  TCAATTT 
TGAAATTTTA TTTTGTATTA  
NcORF-01295 REVERSE 
A CAA GAA AGC TGG GTC 
AATCGCAAACTTAACCCCCGAGTTTCTCAT 
NcORF-01295 FOWARD wpep 
AC AAA AAA GCA GGC TTC ATG  T TAAAGATAAT  
AAATCCGGAT GGCTTT 
  
NcORF-01529 FORWARD 
AC AAA AAA GCA GGC TTC ATG AACTACC 
TAAATTTCGT ATGTTTATTT  
NcORF-01529 REVERSE 
A CAA GAA AGC TGG GTC  
TAAAGGCTTCTCAATTTCTTCATTTTGAGC 
NcORF-01529 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG  G AAACTGGGTT  
TCAAAGATTT ACTTTA 
  
NcORF-02446 FORWARD 
AC AAA AAA GCA GGC TTC ATG TTACCCA 
TGAAATTTTT ATTTTTGATA  
NcORF-02446 REVERSE 
A CAA GAA AGC TGG GTC  
AAGAATATCTTTTGATTCTTGATTTTGTTC 
NcORF-02446 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG  GA AGATTTAAAA 
GATTTGTTAA AAGAA 
  
NcORF-00838 FORWARD 
AC AAA AAA GCA GGC TTC ATG TTTGTAT 
TGTTTTTTTT TATTTATTGT  
NcORF-00838 REVERSE 
A CAA GAA AGC TGG GTC  
ATGTCCAAAAATAGCTAGCAGTTTTCGATA 
NcORF-00838 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG  AAAGA 
ATACCAAACA ATACAAGAGG TT 
  
NcORF-00740 FORWARD 
AC AAA AAA GCA GGC TTC ATG  ATTTTAC 
TTTTTCTTTT TTTTATCAGT  
NcORF-00740 REVERSE 
A CAA GAA AGC TGG GTC  
TTGAATAAGTAATTCTGTATTGGCATCATT 
NcORF-00740 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG   GTTTACTAT 
GGTCAGTTAT TCTTGGCT 
  
NcORF-01001 FORWARD 
AC AAA AAA GCA GGC TTC ATG  AATTTTC 
TATGTACATT ATTTTTTATA  
NcORF-01001 REVERSE 
A CAA GAA AGC TGG GTC  
ATCATCCCAGGAACTTCCAAACATATACAT 
NcORF-01001 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG   CGCAATCGA 
GAGCGAGAAG CATTTGAA 
Continued from the previous page 
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NcORF-01221 FORWARD 
AC AAA AAA GCA GGC TTC ATG  AAAAAAT 
TGTTATATCC TCTACTTGTA  
NcORF-01221 REVERSE 
A CAA GAA AGC TGG GTC  
TTTTCTAGCTGCTTGTTTTTTAGCTTTAAT 
NcORF-01221 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG  ACATTTAAC 
AACATATGTA ATCCTGAT 
  
NcORF-00064 FORWARD 
AC AAA AAA GCA GGC TTC ATG  GAATTAA 
TAGCAACTTT TGCATTTACT  
NcORF-00064 REVERSE 
A CAA GAA AGC TGG GTC  
TTTTTTATATCGTCTGAGTAAATCCTCATA 
NcORF-00064 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG  AGCATTGAG 
GATGCTTTAA AAGGATCT 
  
NcORF-00048 FORWARD 
AC AAA AAA GCA GGC TTC ATG  AAATTTA 
TAAAGTTGTG TACGCTGGCA  
NcORF-00048 REVERSE 
A CAA GAA AGC TGG GTC  
TTCGTTGGATTCTTCCTCATCGTTGGAATC 
NcORF-00048 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG  CG ACAAAATCCG 
GCTAAAGGGT TTTTT 
  
NcORF-02090 FORWARD 
AC AAA AAA GCA GGC TTC ATG  AATTTTC 
AATTTTGTCT AAAAATATTC  
NcORF-02090 REVERSE 
A CAA GAA AGC TGG GTC  
TATTAATCTATTTTTAAAAGCGGATTCAAA 
NcORF-02090 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG   CAGG 
TAATTAATAT GCAAAATAAT GAT 
  
NcORF-02245 FORWARD 
AC AAA AAA GCA GGC TTC ATG  AATTTTC 
AAATTTATCT AAAAATATTC  
NcORF-02245 REVERSE 
A CAA GAA AGC TGG GTC  
ATTATTTAATTTGCTTATAAGTACTGATTT 
NcORF-02245 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG   ACACAGA 
CAATTGAAAA TGCAAATTTA  
  
NcORF-02428 FORWARD 
AC AAA AAA GCA GGC TTC ATG  TGCTACA 
TTTTTATGAT TCCTGTAATC  
NcORF-02428 REVERSE 
A CAA GAA AGC TGG GTC  
ATTGGGTATACGATCACATCCATTCCTAAA 
NcORF-02428 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG    AATGTAAT 
CACAGTACCT GTTGATATT 
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NcORF-00185 FORWARD 
AC AAA AAA GCA GGC TTC ATG  ATTAAAC 
TAAAACTTTT TATTTTTATA  
NcORF-00185 REVERSE 
A CAA GAA AGC TGG GTC  
AAATTCAACTGATTCATATTTTTCTGATAT 
NcORF-00185 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG   CTTCCAAGT 
TATTATATTA GACTACAT 
  
NcORF-00071 FORWARD 
AC AAA AAA GCA GGC TTC ATG AAAAATT 
TATTTCTTAG CTTATCTTTA  
NcORF-00071 REVERSE 
A CAA GAA AGC TGG GTC  
TATCAACTCACTAAGATATACGACACTATC 
NcORF-00071 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG  CAGAAAAT 
TACAGGCGCA CCTTTAGCAC  
  
NcORF-01768 FORWARD 
AC AAA AAA GCA GGC TTC ATG  TTTATTA 
GATATGAATG TAAATTTTTA  
NcORF-01768 REVERSE 
A CAA GAA AGC TGG GTC  
GTTGAATAATTCTTCATTCAGATTATAAAA 
NcORF-01768 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG   GT  TGATATTCAG 
CTAATTGCTT TAAAA 
  
NcORF-00314 FORWARD 
AC AAA AAA GCA GGC TTC ATG  ATAATTT 
TTTTATTTGT TTTCAGTTTA  
NcORF-00314 REVERSE 
A CAA GAA AGC TGG GTC  
TTGATTTTTTTCCAGAAAAAAATAACTTAA 
NcORF-00314 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG   GATAT 
GAGTTTTATG CTACGATTCA AC 
  
NcORF-00876 FORWARD 
AC AAA AAA GCA GGC TTC ATG  GTACCAT 
TATTATTTTT TAATGTGGTT  
NcORF-00876 REVERSE 
A CAA GAA AGC TGG GTC  
ATTCAAGGTAACATCATAAATGCAATCTAG 
NcORF-00876 FORWARD wpep 
AC AAA AAA GCA GGC TTC ATG   CA ACTGGGATTT 
TCAGTTCCTT GGAAG 
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APPENDIX IV: Plasmids generated in this study. 
Table IV-1. Plasmids generated throughout this study. A. pDEST vectors 
used to transform S. cerevisiae BY4741 in order to over-express EGFP-tagged 
N. ceranae proteins (see Chapter Three). B. pDEST vectors used to transform 
S. cerevisiae strains for thioredoxin and hexokinase assays (see Chapter Four). 
C. pDEST vectors transformed into S. cerevisiae to over-express NcORF-4 (see 
Chapter Five). w – without a signal peptide. 
Plasmid  Description Source 
A.   
pAG423GPD-NcORF_1-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-1 This study 
pAG423GPD-NcORF_1w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-1w This study 
pAG423GPD-NcORF_2-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-2 This study 
pAG423GPD-NcORF_2w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-2w This study 
pAG423GPD-NcORF_3-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-3 This study 
pAG423GPD-NcORF_3w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-3w This study 
pAG423GPD-NcORF_4-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-4 This study 
pAG423GPD-NcORF_4w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-4w This study 
pAG423GPD-NcORF_5-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-5 This study 
pAG423GPD-NcORF_5w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-5w This study 
pAG423GPD-NcORF_6-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-6 This study 
pAG423GPD-NcORF_6w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-6w This study 
pAG423GPD-NcORF_7-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-7 This study 
pAG423GPD-NcORF_7w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-7w This study 
pAG423GPD-NcORF_8-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-8 This study 
pAG423GPD-NcORF_8w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-8w This study 
pAG423GPD-NcORF_9-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-9 This study 
pAG423GPD-NcORF_9w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-9w This study 
pAG423GPD-NcORF_10-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-10 This study 
pAG423GPD-NcORF_10w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-10w This study 
pAG423GPD-NcORF_11w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-11w This study 
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pAG423GPD-NcORF_12-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-12 This study 
pAG423GPD-NcORF_12w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-12w This study 
pAG423GPD-NcORF_13-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-13 This study 
pAG423GPD-NcORF_13w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-13w This study 
pAG423GPD-NcORF_14-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-14 This study 
pAG423GPD-NcORF_14w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-14w This study 
pAG423GPD-NcORF_15-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-15 This study 
pAG423GPD-NcORF_15w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-15w This study 
pAG423GPD-NcORF_16-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-16 This study 
pAG423GPD-NcORF_16w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-16w This study 
pAG423GPD-NcORF_17-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-17 This study 
pAG423GPD-NcORF_17w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-17w This study 
pAG423GPD-NcORF_18-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-18 This study 
pAG423GPD-NcORF_18w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-18w This study 
pAG423GPD-NcORF_19-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-19 This study 
pAG423GPD-NcORF_19w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-19w This study 
pAG423GPD-NcORF_20w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-20 This study 
pAG423GPD-NcORF_20-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-20w This study 
pAG423GPD-NcORF_21-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-21 This study 
pAG423GPD-NcORF_21w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-21w This study 
pAG423GPD-NcORF_22-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-22 This study 
pAG423GPD-NcORF_22w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-22w This study 
pAG423GPD-NcORF_23-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-23 This study 
pAG423GPD-NcORF_23w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-23w This study 
pAG423GPD-NcORF_24-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-24 This study 
pAG423GPD-NcORF_24w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-24w This study 
pAG423GPD-NcORF_25-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-25 This study 
pAG423GPD-NcORF_25w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-25w This study 
pAG423GPD-NcORF_26-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-26 This study 
pAG423GPD-NcORF_26w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-26w This study 
pAG423GPD-NcORF_27-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-27 This study 
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pAG423GPD-NcORF_27w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-27w This study 
pAG423GPD-NcORF_28-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-28 This study 
pAG423GPD-NcORF_28w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-28w This study 
pAG423GPD-NcORF_29-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-29 This study 
pAG423GPD-NcORF_29w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-29w This study 
pAG423GPD-NcORF_30-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-30 This study 
pAG423GPD-NcORF_30w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-30w This study 
pAG423GPD-NcORF_31-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-31 This study 
pAG423GPD-NcORF_31w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-31w This study 
pAG423GPD-NcORF_32-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-32 This study 
pAG423GPD-NcORF_32w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-32w This study 
pAG423GPD-NcORF_33-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-33 This study 
pAG423GPD-NcORF_33w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-33w This study 
pAG423GPD-NcORF_34-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-34 This study 
pAG423GPD-NcORF_34w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-34w This study 
pAG423GPD-NcORF_35-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-35 This study 
pAG423GPD-NcORF_35w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-35w This study 
pAG423GPD-NcORF_36-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-36 This study 
pAG423GPD-NcORF_36w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-36w This study 
pAG423GPD-NcORF_37-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-37 This study 
pAG423GPD-NcORF_37w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-37w This study 
pAG423GPD-NcORF_38-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-38 This study 
pAG423GPD-NcORF_38w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-38w This study 
pAG423GPD-NcORF_39-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-39 This study 
pAG423GPD-NcORF_39w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-39w This study 
pAG423GPD-NcORF_40-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-40 This study 
pAG423GPD-NcORF_40w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-40w This study 
pAG423GPD-NcORF_41-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-41 This study 
pAG423GPD-NcORF_41w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-41w This study 
pAG423GPD-NcORF_42-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-42 This study 
pAG423GPD-NcORF_42w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-42w This study 
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pAG423GPD-NcORF_43-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-43 This study 
pAG423GPD-NcORF_43w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-43w This study 
pAG423GPD-NcORF_44-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-44 This study 
pAG423GPD-NcORF_44w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-44w This study 
pAG423GPD-NcORF_45-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-45 This study 
pAG423GPD-NcORF_45w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-45w This study 
pAG423GPD-NcORF_46-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-46 This study 
pAG423GPD-NcORF_46w-EGFP pAG423GPD-ccdB-EGFP carrying NcORF-46w This study 
B.   
pAG426GPD-NcORF_15 pAG426GPD-ccdB carrying NcORF-15 This study 
pAG426GPD-NcORF_15w pAG426GPD-ccdB carrying NcORF-15w This study 
pAG426GPD-NcORF_15-DsRED pAG426GPD-ccdB-DsRED carrying NcORF-15 This study 
pAG426GPD-NcORF_15w-
DsRED 
pAG426GPD-ccdB-DsRED carrying NcORF-15w 
This study 
pAG426GPD-NcORF_16 pAG426GPD-ccdB carrying NcORF-16 This study 
pAG426GPD-NcORF_16w pAG426GPD-ccdB carrying NcORF-16w This study 
pAG426GPD-NcORF_16-DsRED pAG426GPD-ccdB-DsRED carrying NcORF-16 This study 
pAG426GPD-NcORF_16w-
DsRED 
pAG423GPD-ccdB-DsRED carrying NcORF-16w 
This study 
C.   
pAG426GPD-NcORF_4-DsRED pAG426GPD-ccdB-DsRED carrying NcORF-4 This study 
pAG426GPD-NcORF_4w-
DsRED 
pAG426GPD-ccdB-DsRED carrying NcORF-4w 
This study 
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APPENDIX V: The Gateway pDONR and pDEST vectors. 
 
 
 
 
Fig. V-1. Gateway pDONR™221 vector used to generate pEntry vectors. 
pDONR221 has a ccdB “death” gene allowing for negative selection. Presence 
of kanamycin KanR2 and chloramphenicol CamR resistance genes allows 
additional selection on kanamycin and/or chloramphenicol containing medium. 
Gene insert can be checked with universal M13 primers. Figure taken from 
Addgene. 
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Fig. V-2. Gateway pAG426GPD-ccdB vector used to generate yeast 
Expression vectors. pAG426GPD-ccdB has a ccdB “death” gene allowing for 
negative selection. Presence of Amphicillin and chloramphenicol CamR 
resistance genes allows additional bacterial selection on amphicillin and/or 
chloramphenicol containing medium. Presence of yeast URA3 marker gene 
enables selection on medium deprived of amino acid uracil. pAG426GPD-ccdB 
is derived from the pRS426 vector. Figure taken from Addgene. 
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Fig. V-3. Gateway pAG423GPD-ccdB-EGFP vector used to generate yeast 
Expression vectors. pAG423GPD-ccdB-EGFP has a ccdB “death” gene 
allowing for negative selection. Presence of Amphicillin and chloramphenicol 
CamR resistance genes allows additional bacterial selection on amphicillin and/or 
chloramphenicol containing medium. Vector enables tagging the gene of interest 
(GOI) with enhanced green fluorescent protein (EGFP) at the carboxyl (C-) 
terminus. Presence of yeast HIS3 marker gene enables selection on medium 
deprived of amino acid histidine. pAG423GPD-ccdB-EGFP is derived from the 
pRS423 vector. Figure taken from Addgene. 
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Fig. V-4. Gateway pAG423GPD-EGFP-ccdB vector used to generate yeast 
Expression vectors. pAG423GPD-EGFP-ccdB has a ccdB “death” gene 
allowing for negative selection. Presence of Amphicillin and chloramphenicol 
CamR resistance genes allows additional bacterial selection on amphicillin and/or 
chloramphenicol containing medium. Vector enables tagging the gene of interest 
(GOI) with enhanced green fluorescent protein (EGFP) at the amino (N-) 
terminus. Presence of yeast HIS3 marker gene enables selection on medium 
deprived of amino acid histidine. pAG423GPD-EGFP-ccdB is derived from the 
pRS423 vector. Figure taken from Addgene. 
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Fig. V-5. Gateway pAG426GPD-ccdB-DsRED vector used to generate yeast 
Expression vectors. pAG426GPD-ccdB-DsRED has a ccdB “death” gene 
allowing for negative selection. Presence of Amphicillin and chloramphenicol 
CamR resistance genes allows additional bacterial selection on amphicillin and/or 
chloramphenicol containing medium. Vector enables tagging the gene of interest 
(GOI) with red fluorescent protein (DsRED) at the carboxyl (C-) terminus. 
Presence of yeast URA3 marker gene enables selection on medium deprived of 
amino acid uracil. Figure taken from Addgene. 
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Fig. V-6. Gateway pPGW vector used to generate D. melanogaster 
Expression vectors. pPGW plasmid has ccdB “death” gene allowing for 
negative selection. Presence of Amphicillin and chloramphenicol CamR 
resistance genes allows additional bacterial selection on amphicillin and/or 
chloramphenicol containing medium. Vector enables tagging the gene of interest 
(GOI) with enhanced green fluorescent protein (EGFP) at the amino (N-) 
terminus. Presence of mini white gene enables following the insert 
phenotypically, while the UASp promoter enables expression of the GOI when 
crossed with a GAL4 driver line. Figure taken from 
http://www.snv.jussieu.fr/~wperonne /gateway_G1.htm; Gateway Drosophila 
Vector Collection in Paris. 
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APPENDIX VI: Strains generated in this study. 
Table VI-1. Yeast strains generated throughout this study. A. S. cerevisiae 
BY4741 transformed with pAG423GPD-ccdB-EGFP plasmids carrying 
N. ceranae genes in order to express C-terminally tagged with EGFP N. ceranae 
proteins. B. S. cerevisiae strains generated for hexokinase assays (see Chapter 
Four). C. S. cerevisiae strains generated for thioredoxin assays (see Chapter 
Four). D. S. cerevisiae strains expressing NcORF-4 and NcORF-4w (see Chapter 
Five). 
Name Description Source 
A.   
NcORF1-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-1  
This study 
NcORF1w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-1w 
This study 
NcORF2-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-2  
This study 
NcORF2w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-2w 
This study 
NcORF3-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-3  
This study 
NcORF3w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-3w 
This study 
NcORF4-EGFP 
(NcORF4-GFPc) 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-4  
This study 
NcORF4w-EGFP 
(NcORF4w-GFPc) 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-4w 
This study 
NcORF5-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-5  
This study 
NcORF5w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-5w 
This study 
NcORF6-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-6  
This study 
NcORF6w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-6w 
This study 
NcORF7-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-7  
This study 
NcORF7w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-7w 
This study 
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NcORF8-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-8  
This study 
NcORF8w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-8w 
This study 
NcORF9-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-9  
This study 
NcORF9w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-9w 
This study 
NcORF10w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-10w 
This study 
NcORF11w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-11w 
This study 
NcORF12-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-12  
This study 
NcORF12w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-12w 
This study 
NcORF13-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-13  
This study 
NcORF13w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-13w 
This study 
NcORF14-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-14  
This study 
NcORF14w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-14w 
This study 
NcORF15-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-15  
This study 
NcORF15w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-15w 
This study 
NcORF16-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-16  
This study 
NcORF16w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-16w 
This study 
NcORF17-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-17  
This study 
NcORF17w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-17w 
This study 
NcORF18-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-18  
This study 
NcORF18w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-18w 
This study 
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NcORF19-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-19  
This study 
NcORF19w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-19w 
This study 
NcORF20-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-20  
This study 
NcORF20w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-20w 
This study 
NcORF21-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-21  
This study 
NcORF21w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-21w 
This study 
NcORF22-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-22  
This study 
NcORF22w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-22w 
This study 
NcORF23-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-23  
This study 
NcORF23w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-23w 
This study 
NcORF24-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-24  
This study 
NcORF24w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-24w 
This study 
NcORF26-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-26  
This study 
NcORF26w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-26w 
This study 
NcORF27-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-27  
This study 
NcORF27w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-27w 
This study 
NcORF28w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-28w 
This study 
NcORF29-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-29  
This study 
NcORF29w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-29w 
This study 
NcORF30-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-30  
This study 
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NcORF30w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-30w 
This study 
NcORF31-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-31  
This study 
NcORF31w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-31w 
This study 
NcORF32-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-32  
This study 
NcORF32w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-32w 
This study 
NcORF33-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-33  
This study 
NcORF33w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-33w 
This study 
NcORF34-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-34  
This study 
NcORF34w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-34w 
This study 
NcORF35-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-35  
This study 
NcORF35w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-35w 
This study 
NcORF36-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-36  
This study 
NcORF36w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-36w 
This study 
NcORF37-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-37  
This study 
NcORF37w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-37w 
This study 
NcORF38-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-38  
This study 
NcORF38w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-38w 
This study 
NcORF39-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-39  
This study 
NcORF39w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-39w 
This study 
NcORF40-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-40  
This study 
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NcORF40w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-40w 
This study 
NcORF41-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-41  
This study 
NcORF41w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-41w 
This study 
NcORF42-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-42  
This study 
NcORF42w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-42w 
This study 
NcORF43-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-43  
This study 
NcORF43w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-43w 
This study 
NcORF44-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-44  
This study 
NcORF44w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-44w 
This study 
NcORF45-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-45 
This study 
NcORF46-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-46  
This study 
NcORF46w-EGFP 
Sc BY4741, transformed with pAG423GPD-ccdB-EGFP 
carrying NcORF-46w 
This study 
B.   
YSH7.4-3C ∴ 
NcORF16 
YSH7.4-3C transformed with pAG426GPD-ccdB 
carrying NcORF-16 
This study 
YSH7.4-3C ∴ 
NcORF16w.a 
 
YSH7.4-3C ∴ 
NcORF16w.b 
YSH7.4-3C transformed with pAG426GPD-ccdB 
carrying NcORF-16w.a 
 
YSH7.4-3C transformed with pAG426GPD-ccdB 
carrying NcORF-16w.b 
This study 
Hxk1-GFP ∴ 
NcORF16-DsRED 
Sc Hxk1-GFP transformed with pAG426GPD-ccdB-
DsRED carrying NcORF-16 
This study 
Hxk1-GFP ∴ 
NcORF16w-DsRED 
Sc Hxk1-GFP transformed with pAG426GPD-ccdB-
DsRED carrying NcORF-16w 
This study 
Hxk2-GFP ∴ 
NcORF16 
Sc Hxk2-GFP transformed with pAG426GPD-ccdB-
DsRED carrying NcORF-16 
This study 
Hxk2-GFP ∴ 
NcORF16w-DsRED 
Sc Hxk2-GFP transformed with pAG426GPD-ccdB-
DsRED carrying NcORF-16w 
This study 
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Glk1-GFP ∴ 
NcORF16-DsRED 
Sc Glk1-GFP transformed with pAG426GPD-ccdB-
DsRED carrying NcORF-16 
This study 
Glk1-GFP ∴ 
NcORF16w-DsRED 
Sc Glk1-GFP transformed with pAG426GPD-ccdB-
DsRED carrying NcORF-16w 
This study 
C.   
Δtrx2 ∴ NcORF15 
Sc Δtrx2 transformed with pAG426GPD-ccdB carrying 
NcORF-15 
This study 
Δtrx2 ∴ NcORF15w 
Sc Δtrx2 transformed with pAG426GPD-ccdB carrying 
NcORF-15w 
This study 
Trx3-GFP ∴  
NcORF15-DsRED 
Sc Trx3-GFP transformed with pAG426GPD-ccdB-
DsRED carrying NcORF-15 
This study 
D.   
Pre2-GFP ∴ 
Nc4-DsRED 
Sc BY4741 expressing Sc GFP-tagged Pre2/β5 subunit 
and DsRED-tagged NcORF-4 
This study 
Pre2-GFP∴ 
Nc4w-DsRED 
Sc BY4741 expressing Sc GFP-tagged Pre2/β5 and 
DsRED-tagged NcORF-4w 
This study 
Pup1-GFP ∴ 
Nc4-DsRED 
Sc BY4741 expressing Sc GFP-tagged Pup1/β2 subunit 
and DsRED-tagged NcORF-4 
This study 
Pup1-GFP ∴ 
Nc4w-DsRED 
Sc BY4741 expressing Sc GFP-tagged Pup1/β2 subunit 
and DsRED-tagged NcORF-4w 
This study 
Pup2-GFP ∴  
Nc4-DsRED 
Sc BY4741 expressing Sc GFP-tagged Pup2/α5 subunit 
and DsRED-tagged NcORF-4 
This study 
Pup2-GFP ∴ 
 Nc4w-DsRED 
Sc BY4741 expressing Sc GFP-tagged Pup2/α5 subunit 
and DsRED-tagged NcORF-4w 
This study 
Pre6-GFP∴  
Nc4-DsRED 
Sc BY4741 expressing Sc GFP-tagged Pre6/α4 subunit 
and DsRED-tagged NcORF-4 
This study 
Pre6-GFP∴  
Nc4w-DsRED 
Sc BY4741 expressing Sc GFP-tagged Pre6/α4 subunit 
and DsRED-tagged NcORF-4w 
This study 
Pre3-GFP ∴  
Nc4-DsRED 
Sc BY4741 expressing Sc GFP-tagged Pre3/β1 subunit 
and DsRED-tagged NcORF-4 
This study 
Pre3-GFP ∴ 
Nc4w-DsRED 
Sc BY4741 expressing Sc GFP-tagged Pre3/β1 subunit 
and DsRED-tagged NcORF-4w 
This study 
Pre5-GFP ∴ 
 Nc4-DsRED 
Sc BY4741 expressing Sc GFP-tagged Pre5/α6 subunit 
and DsRED-tagged NcORF-4 
This study 
Pre5-GFP ∴  
Nc4-DsRED 
Sc BY4741 expressing Sc GFP-tagged Pre5/α6 subunit 
and DsRED-tagged NcORF-4w 
This study 
NcORF4-GFPn 
Sc BY4741, transformed with pAG423GPD-EGFP-ccdB 
carrying NcORF-4  
This study 
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NcORF4w-GFPn 
Sc BY4741, transformed with pAG423GPD-EGFP-ccdB 
carrying NcORF-4w 
This study 
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APPENDIX VII 
Table VII-1. Microsporidian species infecting human and their clinical 
manifestations.  
Species Host / environmental 
source 
Symptoms 
Brachiola (Nosema) 
algerae 
Human, mosquitoes / 
water 
keratoconjunctivitis 
Brachiola vesicularum Human / unknown myositis 
Enterocytozoon 
bieneusi 
Human, cattle, chicken, 
goat, pig, rabbit, cat, dog, 
ticks, llama, racoon, 
muskrat, beaver, fox, otter 
/ water  
enteritis, diarrhea, cholangitis, 
cholecystitis, pneumonitis, bronchitis, 
sinusitis, rhinitis 
Encephalitozoon 
cuniculi 
Human, carnivores, 
rodents, rabbit, goat, 
horse, fox, ticks, rat / 
unknown 
hepatitis, peritonitis , encephalitis, 
intestinal infection, urinary tract 
infection, keratoconjunctivitis, sinusitis, 
rhinitis, disseminated infection 
E. hellem Human, chicken, ostrich, 
parrot, finch, ticks, 
budgerigars, lorry, 
hummingbird / unknown 
keratoconjunctivitis, sinusitis, rhinitis, 
pneumonitis/bronchiolitis, nephritis, 
ureteritis, prostatitis, urethritis, cystitis, 
disseminated infection 
E. intestinalis Human, donkey, pig, cow, 
goat, dog, ticks, gorilla / 
water, sewage 
enteritis, diarrhea, small bowel 
perforation, cholangitis, cholecystitis, 
nephritis, urinary tract infection, 
sinusitis, rhinitis, bronchitis, 
keratoconjunctivitis, disseminated 
infection 
Microsporidium 
africanum 
Human / unknown corneal ulcer 
M. ceylonensis  Human / unknown corneal ulcer 
Nosema ocularum  Human / water keratoconjunctivitis 
N. connori Human / unknown  disseminated infection 
Pleistophora spp. Human, fish / water myositis 
Trachipleistophora 
hominis 
Human / unknown myositis, keratoconjunctivitis, sinusitis, 
rhinitis 
T. anthropophthera Human / unknown encephalitis, myositis, disseminated 
infection 
Vittaforma corneae Human / water keratitis, urinary tract infection 
To date, 14 Microspordian species have been described associated with human diseases, 
belonging to Brachiola, Enterocytozoon, Encephalitozoon, Nosema, Microsporidium, 
Pleistophora, Trachipleistophora and Vittaforma genera. Based on Didier (2005), and Franzen 
and Müller (2001). 
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APPENDIX VIII: Bioinformatics analysis of N. ceranae proteins 
 
A.  
 
 
 
 
B. 
Continued on the next page 
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Fig. VIII-1. ClustalW alignment of Microspordian homologs of a putative 
N. ceranae thioredoxin (NcORF-15). NcORF-15 was screened for homologs by 
BlastP and 12 top hits from the search (A) were used to execute the alignment 
(B) with ClustalW2 tool (available at EMBL-EBI). Thioredoxin-specific sites 
predicted with a motif C-X-X-C are in boxes. Red boxes denote conserved 
catalytic cysteines, while in blue boxes are cysteines which were not identified 
with catalytic activities. Asterisks denote residues conserved among all 
sequences, conserved substitutions are marked with dots while semi-conserved 
substitutions with colons. 
 
 
 
 
 
 
 
 
Continued from the previous page 
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Fig. VIII-2. Characterisation of S. cerevisiae and N. ceranae thioredoxins. A 
fragment of a ClustalW2 alignment of NcORF-15 and S. cerevisiae Trx2p. 
Conserved thioredoxin-specific active sites with a motif C-X-X-C are marked in 
red boxes. Canonical amino acids characteristic for thioredoxins are in defined in 
green if they are conserved in both S. cerevisiae and N. ceranae, while violet 
boxe denotes canonical amino acids characteristic for thioredoxins but not 
conserved in N. ceranae sequence. Alpha helices (red rounded rectangle) and 
beta sheets (yellow arrow) are denoted. Signal peptide is represented by a blue 
box. Asterisks denote residues conserved among all sequences, conserved 
substitutions are marked with dots, while semi-conserved substitutions with 
colons. Based on Bao et al. (2007) and Collet and Messens (2010).  
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Fig. VIII-3. Schematic representation of glycolysis. Hexokinases (EC 2.7.1.1) 
are denoted in pale blue, while glucokinases (EC 2.7.1.2) are in pale red. Both 
enzymes belong to phosphotransferases responsible for phosphorylation of D-
glucose to D-glucose-6P. Phosphorylated glucose can enter pentose phosphate 
pathway or pyruvate pathway. Pyruvate can lead to formation of Acetyl-CoA, 
which can subsequently enter citrate cycle (citric acid cycle, TCA), also known as 
Krebs cycle or can lead to formation of ethanol. Figure taken from KEGG. 
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Table VIII-1. Components of the N. ceranae and N. apis thioredoxin system.  
ID Annotation SP 
A.   
NcORF-00971 Thioredoxin no 
NcORF-01518 Thioredoxin/PDI no 
NcORF-02039/NcORF-15 Thioredoxin/PDI yes 
NcORF-02076 Thioredoxin no 
NcORF-00847 Thioredoxin no 
NcORF-00848 Thioredoxin/PDI no 
NcORF-00972 
Thioredoxin 
reductase 
no 
NcORF-01584 
Thioredoxin 
reductase 
no 
NcORF-00847 
Thioredoxin 
reductase 
no 
NcORF-00222 
Thioredoxin 
peroxidase 
no 
B.   
NAPIS-02100 
Thioredoxin 
reductase 
no 
NAPIS-02101 
Thioredoxin 
reductase 
no 
NAPIS-00179 
Thioredoxin 
peroxidase 
no 
NAPIS-00550 PDI no 
NAPIS-01117 PDI yes 
 
N. ceranae (A) and N. apis (B) thioredoxin, thioredoxin reductases, thioredoxin 
peroxidases and protein disulphide isomerases (PDI). NcORF-15 is a homolog 
of NAPIS-01117. SP – signal peptide, PDI – protein disulphide isomerase. Based 
on genomes sequenced by Cornman et al. (2009) and Chen at al. (2013). 
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APPENDIX IX: Expression of N. ceranae proteins in S. cerevisiae. 
Table IX-1. S. cerevisiae strains expressing N. ceranae proteins. 
S. cerevisiae strains expressing C-terminally tagged with EGFP N. ceranae 
proteins were grown in YNB –his for 16-18 h, DAPI stained and cells were 
checked under a standard fluorescent microscope (Zeiss). Observed phenotypes 
were divided into four distinct groups depending on the localisation and created 
pattern of the expressed proteins: cytoplasmic phenotype (proteins expressed 
throughout the cytoplasm), punctuate phenotype, nuclear and a RING 
phenotype. The number of cells expressing particular phenotype is given in 
percentages. A total of 100 cells were screened per strain. “w” denotes 
N.  ceranae protein expressed without a signal peptide. 
NcORF 
Cytoplasmic 
phenotype  
Punctuate 
phenotype 
Nuclear  
phenotype 
RING 
phenotype 
NcORF-1 - - - - 
NcORF-1w - - - - 
NcORF-2 0 14 0 86 
NcORF-2w 0 100 0 0 
NcORF-3 - - - - 
NcORF-3w - - - - 
NcORF-4 0 100 0 0 
NcORF-4w 0 87 13 0 
NcORF-5 0 100 0 0 
NcORF-5w - - - - 
NcORF-6 - - - - 
NcORF-6w - - - - 
NcORF-7 77 23 0 0 
NcORF-7w 79 21 0 0 
NcORF-8 0 26 0 74 
NcORF-8w 0 100 0 0 
NcORF-9 - - - - 
NcORF-9w - - - - 
NcORF-10w 8 92 0 0 
NcORF-11w - - - - 
NcORF-12 - - - - 
NcORF-12w - - - - 
NcORF-13 - - - - 
NcORF-13w - - - - 
NcORF-14 - - - - 
NcORF-14w - - - - 
NcORF-15 0 100 0 0 
NcORF-15w - - - - 
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Cytoplasmic 
phenotype  
Punctuate 
phenotype 
Nuclear  
phenotype 
RING 
phenotype 
NcORF-16 100 0 0 0 
NcORF-16w 100 0 0 0 
NcORF-17 - - - - 
NcORF-17w - - - - 
NcORF-18 - - - - 
NcORF-18w 8 4 0 88 
NcORF-19 0 100 0 0 
NcORF-19w - - - - 
NcORF-20 - - - - 
NcORF-20w - - - - 
NcORF-21 10 18 0 72 
NcORF-21w 6 51 0 43 
NcORF-22 13 19 0 68 
NcORF-22w - - - - 
NcORF-23 - - - - 
NcORF-23w 13 87 0 0 
NcORF-24 - - - - 
NcORF-24w - - - - 
NcORF-26 - - - - 
NcORF-26w 26 74 0 0 
NcORF-27 0 100 0 0 
NcORF-27w 27 73 0 0 
NcORF-28w - - - - 
NcORF-29 3 34 0 63 
NcORF-29w 0 100 0 0 
NcORF-30 - - - - 
NcORF-30w - - - - 
NcORF-31 6 40 0 54 
NcORF-31w - - - - 
NcORF-32 32 68 0 0 
NcORF-32w - - - - 
NcORF-33 0 100 0 0 
NcORF-33w 0 100 0 0 
NcORF-34 100 0 0 0 
NcORF-34w - - - - 
NcORF-35 0 100 0 0 
NcORF-35w 0 100 0 0 
NcORF-36 100 0 0 0 
NcORF-36w 0 18 82 0 
NcORF-37 4 18 0 78 
NcORF-37w 0 100 0 0 
NcORF-38 100 0 0 0 
NcORF-38w 33 67 0 0 
NcORF-39 - - - - 
Continued from the previous page 
                                                                                                                                                               APPENDICES 
 
  
232 | P a g e  
 
 
Cytoplasmic 
phenotype  
Punctuate 
phenotype 
Nuclear  
phenotype 
RING 
phenotype 
NcORF-39w 0 100 0 0 
NcORF-40 - - - - 
NcORF-40w - - - - 
NcORF-41 3 25 0 72 
NcORF-41w 0 100 0 0 
NcORF-42 6 29 0 65 
NcORF-42w 0 100 0 0 
NcORF-43 0 100 0 0 
NcORF-43w - - - - 
NcORF-44 - - - - 
NcORF-44w 0 100 0 0 
NcORF-45 - - - - 
NcORF-46 - - - - 
NcORF-46w - - - - 
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APPENDIX X: Fluorescence plots for NcORF-4w expressed in S. cerevisiae 
and D. melanogaster  
 
 
Fig. X-1. Fluorescence profiles for C-terminally tagged with EGFP 
NcORF- 4w expressed in S. cerevisiae. Plots were performed with ImageJ for 
the total area of the images in Fig. 5-6.Bb. NcORF-4w tagged with EGFP at the 
C-terminus localises to the yeast nucleus (stained with DAPI).  
 
   
Fig. X-2. Fluorescence profiles for N-terminally tagged with EGFP 
NcORF- 4w expressed in S. cerevisiae. Plots were performed with ImageJ for 
the total area of the images in Fig. 5-7.Bb. NcORF-4w tagged with EGFP at the 
N-terminus localises to the yeast nucleus (stained with DAPI).  
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Fig. X-3. Distribution of NcORF-4w in the salivary glands of 
D. melanogaster. NcORF-4w was expressed ubiquitously by crossing the fly line 
Dm-Nc4w with the Actin5C-GAL4/TM6B driver.  Flies were dissected according 
to the standard procedures. Tissues were fixed in 4% formaldehyde and the 
nucleus was stained with DAPI. NcORF-4w protein localises to the nucleus and 
periphery of D. melanogaster salivary gland cells. Plot was performed with 
ImageJ for the indicated area. Scale bar represents 35 µm. 
 
 
 
 
 
 
 
 
 
GFP 
DAPI 
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APPENDIX XI: Co-localisation of NcORF-4 and NcORF-4w with S. cerevisiae 
proteasome alpha and beta subunits 
 
Table.XI-1. Co-localisation of NcORF-4 and NcORF-4w with S. cerevisiae 
proteasome subunits.  
 
Co-
localisation 
(%)  
Sc Pre3-GFP ∴ NcORF4w-DsRED 79 
Sc Pre3-GFP ∴ NcORF4-DsRED 75 
Sc Pup1-GFP ∴ NcORF4w-DsRED 18 
Sc Pup1-GFP ∴ NcORF4-DsRED 75 
Sc Pre2-GFP ∴ NcORF4w-DsRED 66 
Sc Pre2-GFP ∴ NcORF4-DsRED 85 
Sc Pre6-GFP ∴ NcORF4w-DsRED 81 
Sc Pre6-GFP ∴ NcORF4-DsRED 83 
Sc Pup2-GFP ∴ NcORF4w-DsRED 90 
Sc Pup2-GFP ∴ NcORF4-DsRED 10 
Sc Pre5-GFP ∴ NcORF4w-DsRED 69 
Sc Pre5-GFP ∴ NcORF4-DsRED 70 
 
The table represents mean percentage of cells exhibiting co-localisation of 
N.  ceranae and S. cerevisiae proteins. S. cerevisiae strains, expressing GFP-
tagged either alpha or beta proteasome subunit, were transformed with plasmid 
pAG426GPD-ccdB-DsRED harbouring NcORF-4 or NcORF-4w. Yeast were 
grown in YNB -his-ura and incubated for 16-18h before screening under a 
standard fluorescent microscope (Zeiss). A total of 150 cells were screened per 
yeast strain. 
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